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ABSTRACT 
 
 
When a liquid is irradiated with ultrasound, acoustic cavitation (the formation, 
growth, and implosive collapse of bubbles in liquids irradiated with ultrasound) generally 
occurs. This is the phenomenon responsible for the driving of chemical reactions 
(sonochemistry) and the emission of light (sonoluminescence). The implosive collapse of 
bubbles in liquids results in an enormous concentration of sound energy into 
compressional heating of the bubble contents. Therefore, extreme chemical and physical 
conditions are generated during cavitation. The study of multibubble sonoluminescence 
(MBSL) and single-bubble sonoluminescence (SBSL) in exotic liquids such as sulfuric 
acid (H2SO4) and phosphoric acid (H3PO4) leads to useful information regarding the 
intracavity conditions during bubble collapse. Distinct sonoluminescing bubble 
populations were observed from the intense orange and blue-white emissions by doping 
H2SO4 and H3PO4 with sodium salts, which provides the first experimental evidence for 
the injected droplet model over the heated-shell model for cavitation. Effective emission 
temperatures measured based on excited OH• and PO• emission indicate that there is a 
temperature inhomogeneity during MBSL in 85% H3PO4. The formation of a temperature 
inhomogeneity is due to the existence of different cavitating bubble populations: 
asymmetric collapsing bubbles contain liquid droplets and spherical collapsing bubbles 
do not contain liquid droplets. Strong molecular emission from SBSL in 65% H3PO4 have 
been obtained and used as a spectroscopic probe to determine the cavitation temperatures. 
It is found that the intracavity temperatures are dependent on the applied acoustic 
pressures and the thermal conductivities of the dissolved noble gases. 
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The chemical and physical effects of ultrasound can be used for materials 
synthesis. Highly reactive species, including HO2•, H•, and OH• (or R• after additives 
react with OH•), are formed during aqueous sonolysis as a consequence of the chemical 
effects of ultrasound. Reductive species can be applied to synthesis of water-soluble 
fluorescent silver nanoclusters in the presence of a suitable stabilizer or capping agent. 
The optical and fluorescent properties of the Ag nanoclusters can be easily controlled by 
the synthetic conditions such as the sonication time, the stoichiometry of the carboxylate 
groups to Ag+, and the polymer molecular weight. The chemical and physical effects of 
ultrasound can be combined to prepare polymer functionalized graphenes from graphites 
and a reactive solvent, styrene. The physical effects of ultrasound are used to exfoliate 
graphites to graphenes while the chemical effects of ultrasound are used to induce the 
polymerization of styrene which can then functionalize graphene sheets via radical 
coupling. The prepared polymer functionalized graphenes are highly stable in common 
organic solvents like THF, CHCl3, and DMF. 
Ultrasonic spray pyrolysis (USP) is used to prepare porous carbon spheres using 
energetic alkali propiolates as the carbon precursors. In this synthesis, metal salts are 
generated in situ, introducing porous structures into the carbon spheres. When different 
alkali salts or their mixtures are used as the precursor, carbon spheres with different 
morphologies and structures are obtained. The different precursor decomposition 
pathways are responsible for the observed structural difference. Such prepared carbon 
materials have high surface area and are thermally stable, making them potentially useful 
for catalytic supports, adsorbents, or for other applications by integrating other functional 
materials into their pores. 
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CHAPTER 1 
SONOLUMINESCENCE 
 
 
1. 1 History and Introduction 
  When a liquid is irradiated with high intensity ultrasound, high-energy chemical 
reactions (sonochemistry) occur, often accompanied by the emission of light 
(sonoluminescence).1-10 Acoustic cavitation, the formation, growth, and implosive 
collapse of bubbles in liquids irradiated with ultrasound, is the phenomenon responsible 
for both sonochemistry and sonoluminescence.1, 2, 11, 12 The bubble growth is slow, 
allowing for accumulation of gas and vapor into the bubble, but the collapse is very fast, 
with the velocity of the collapsing bubble wall up to 1500 m/s. The implosive collapse of 
bubbles in liquids results in an enormous concentration of the diffuse energy of sound 
into compressional heating of the contents of the bubble. This energy concentration 
process is astounding; the tiny bubble concentrates the vibrational energy by 12 orders of 
magnitude and generates flashes of light.13 This dramatic energy concentration process 
leads to intense heating and high pressures with a very short period of time. In a 
cavitation cloud, the localized hot-spot temperature can be up to 5000 K with pressures of 
about 1000 atm and heating and cool rates above 1010 K/s.14-16 During single-bubble 
cavitation, the conditions can be even more extreme; temperatures approaching 20000 K, 
pressures of 4000 atm, and the existence of a plasma during bubble collapse have been 
experimentally demonstrated.17, 18 The extreme conditions created inside the collapsing 
bubbles provide a unique means of driving chemical reactions. Although acoustic 
cavitation can induce chemical and physical conditions nearly beyond imagination, the 
host liquids are still cold. 
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The extreme chemical and physical conditions created inside collapsing bubbles 
during acoustic cavitation have a variety of effects within the liquid medium, which 
depend on the type of system in which it is generated. Generally, there are three types of 
system that acoustic cavitation significantly influences: homogeneous liquids, 
heterogeneous liquid/solid slurries and heterogeneous liquid/liquid mixtures. Figure 1.1  
 
Figure 1.1. Summary of some general effects of acoustic cavitation in liquids: (A) 
acoustic cavitation in a homogeneous liquid, (B) acoustic cavitation at or near a solid 
surface, (C) acoustic cavitation in a liquid with suspended powders, and (D) acoustic 
cavitation in a heterogeneous liquid/liquid medium. 
 
lists of some general effects of acoustic cavitation on these systems. In a homogeneous 
liquid medium two effects occur: (1) the collapsing bubble launches an outward shock 
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wave which will apply strong shear forces on the substance dissolved in the liquid and 
cause physical/mechanical effects;19-22 (2) extreme temperatures and pressures inside the 
collapsing bubble will cause the pyrolysis of vapor or solute inside the bubble and induce 
a variety of chemical effects (sonochemistry). At or near a solid surface the cavitation 
bubble becomes non-spherical and forms high-speed liquid jets that impinge against the 
surface.23, 24 The liquid jets and associated shock waves cause surface modification, 
damage, or cleaning. In a liquid with suspended powders, fragmentation and surface 
erosion usually occur with powders of large dimensions (i.e., diameter is larger or 
comparable to bubbles). For small particles, high velocity interparticle collision can lead 
to fusion at the point of impact or composition change via interaction with reaction 
species formed in the liquid.25, 26 In a heterogeneous liquid/liquid system, acoustic 
cavitation will cause the disruption or mixing of the interface between two liquids and 
lead to the formation of emulsions.27, 28 Sonoluminescence is generally be considered as a 
consequence of acoustic cavitation in homogeneous liquid media, or a special case of 
homogeneous sonochemistry. 
Cavitation was first noticed in the late 19th century because of its powerful 
damage to propellers, pumps, and turbine blades, etc. Cavitation was considered as 
undesirable phenomenon and was poorly understood.29 Lord Rayleigh first described a 
mathematical model of cavitation in 1917 after an investigation of the severe damage to 
the propellers of a newly built destroyer, the H.M.S. Daring.30 He confirmed that the 
damage to the propellers was caused by the enormous turbulence, heat, and pressure 
produced by the cavitation bubbles’ collapse against the propeller surface. In 1927, 
Richards and Loomis reported that cavitation could induce chemical reactions, which was 
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the first report of chemical effects from ultrasound.31 In 1934, H. Frenzel and H. Schultes 
observed luminescence from bubbles formed under ultrasonic transducer in a tank of 
photographic developer fluid.32  Marinesco and Trillat also independently observed this 
light emitting phenomenon in 1933 when they noted fogging of a photographic plate 
immersed in a water bath irradiated with ultrasound.33 This phenomenon was later known 
as multibubble sonoluminescence (MBSL). Since the observation of MBSL, much effort 
has been devoted to elucidating the underlying mechanisms responsible for this intriguing 
light-emitting phenomenon. Rich spectral information has been obtained from MBSL in a 
variety of liquids.34-40 In 1970, Temple was able to isolate a single bubble to generate 
light, but this work was quickly forgotten by the sonoluminescence community.41 In 
1989, a major breakthrough was made by F. Gaitan and L. Crum who were able to trap a 
single-bubble in an acoustic levitation chamber, and have it stably oscillate with the 
applied sound field.42 This was the first report of the generation of stable single-bubble 
sonoluminescence (SBSL), which allows for a more systematic study of the sound to 
light conversion process. Indeed, SBSL isolates the complex effects of interactions of 
neighboring bubbles into one controllable bubble which can be studied under a variety of 
conditions. 
Acoustic cavitation can be quantitatively described in a liquid irradiated with 
ultrasound with excellent accuracy during the bubble formation, growth, and collapse. It 
becomes problematic, however, when it comes to describing the final stage of the bubble 
collapse, and the extreme conditions like light emission and chemical reactions only 
occur at the final state of catastrophic collapse. Sonoluminescence serves as a diagnostic 
tool for cavitation (i.e., the light emitted can be used to examine the conditions generated 
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at the final stage of collapse). Spectra from sonoluminescence usually consist of broad 
continuum emission extending from the near-IR into the UV. Under certain conditions, 
atomic and molecular emission lines and bands can be observed and can be used to 
determine the interior temperatures and pressures inside the collapsing bubbles.9, 14-18, 43-47 
Variation of the experimental parameters could allow for the comparison of cavitation 
phenomena under different conditions. Therefore, sonoluminescence leads to a better 
understanding of the conditions during cavitation and has been an active research field 
for decades. 
  
1.2 Bubble Dynamics 
The radial motion of bubbles in a liquid exposed to ultrasound irradiation can be 
accurately described by the Rayleigh-Plesset Equation. This equation was originally 
derived by Rayleigh in 1917 and has been continuously modified to increase its 
accuracy.30, 48-52 A commonly used example of this equation is shown blow: 
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where R is the bubble radius (?̇? denotes the velocity and ?̈? denotes the acceleration), Ro 
is the bubble radius at ambient conditions, Po is the ambient liquid pressure, P(t) is the 
alternating drive pressure, Pv is the vapor pressure, ρ is the liquid density, μ is the shear 
viscosity, σ is the surface tension, and υ is the polytropic ratio. The left hand side of this 
equation is the inertial characteristics of the bubble interface, while the right hand side of 
this equation indicates the different pressures acting on the liquid-gas interface. When 
more factors need to be considered to describe the bubble motion, additional forms of the 
Rayleigh-Plesset Equation can be used. This mathematical model can accurately describe 
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and predict the conditions generated inside the bubble upon collapse, however, it fails to 
follow the equation when the bubble reaches its minimum radius. At the maximum 
compression, the bubble wall velocity is not a constant and the density of the bubble 
dramatically increases.7, 53, 54 
In practice, the behavior of bubbles in a sound field is often categorized into 
transient cavitation and stable cavitation.11 Stable cavitation typically happens at very low 
acoustic pressure and a bubble oscillates linearly with the sound field for many acoustic 
cycles. During transient cavitation, a bubble typically expands to a large size during the 
rarefaction phase of the sound field. Although the sound field switches from the 
rarefaction to the compression phase, the bubble continuous to grow against the pressure. 
At a certain point in the compression phase, the bubble growth stops and starts to collapse 
nonlinearly. Because the collapsing process is so quick, there is no heat transfer between 
the bulk liquid and the gas bubble, and the contents of the bubble are heated and excited 
nearly adiabatically. It is during the transient cavitation that sonoluminescence and 
sonochemistry occur. The radial motion of bubbles in an acoustic field is very complex 
and is dependent on many factors: properties and concentration of dissolved gas, applied 
acoustic pressure, sound frequency, vapor pressure of liquid, viscosity of the liquid, and 
sometimes under multibubble cavitation, the interaction of neighboring bubbles should 
also be considered. 
To better understand how a bubble oscillates with the applied acoustic field, a real 
example will be given. The radius of a bubble in water with dissolved 4 torr Xe as a 
function of time is given is Figure 1.2.55 The radius of the bubble at ambient conditions is 
Ro (~4.3 μm). As the acoustic pressure wave enters the rarefaction phase, the bubble 
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starts to grow slowly. When the acoustic pressure wave passes the rarefaction phase to 
compression phase, the bubble still continuously grows due to inertial effect. The growth, 
however, quickly stops and the bubble reaches its maximum radius (Rmax ~38 μm). The 
time frame for this growth process (Ro→ Rmax) is ta and is about 10 μs. During the 
compression phase, the bubble begins a rapid and eventually runaway collapse. The 
velocity of the bubble wall near the final collapse can be several times the sound speed at 
ambient temperature and pressure. The bubble will bypass the original size (Ro) and 
reaches a minimum radius (Rmin ~0.5 μm). The time frame for this collapse process 
(Rmax→ Rmin) is tb and is about 5 μs. It is around Rmin that high energy chemical reactions 
and light emission occur. Because the bubble contents are severely compressed at Rmin, 
the bubble starts to rebound for many cycles before it settle down at Ro.   
The growth, expansion, and collapse process of a bubble under an acoustic field 
can be repeated from one cycle to another under a finely controlled manner. Single-
bubble cavitation shows excellent stability and can oscillate with an applied acoustic field 
for millions of cycles without fragmentation and destruction. For multibubble cavitation, 
the situation is more complicated and the majority of the bubbles will undergo one or 
more acoustic cycles before final collapse, coalescence, and fragmentation. 
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Figure 1.2. Radius of a Xe bubble as a function of time for one cycle of the sound field. 
The dotted line represents the experimental data while the black line is the best fit 
Rayleigh-Plesset equation. Figure adapted from reference 55. 
 
Another interesting phenomenon that differentiates SBSL and MBSL is rectified 
diffusion.56-58 As a bubble expands during the rarefaction phase of the acoustic cycle, the 
pressure inside the bubble will drop. This pressure decrease causes the vapor molecules 
and dissolved gas molecules to diffuse into the interior of the bubble through the bubble 
and bulk liquid interface. At the compression phase, the bubble growth stops and a 
catastrophic collapse begins. The velocity of the collapsing wall is so quick that the 
rectified vapor molecules and dissolved molecules do not have sufficient time to transport 
Rmax
Ro Rmin
ta tb tc
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to the liquid. These gaseous species therefore are trapped inside the collapsing bubble. 
Another possible mechanism that contributed to rectified diffusion is known as the shell 
effect.59, 60 The shell effect refers to the existence of a gas concentration gradient near the 
liquid-bubble interface. The gas diffusion rate is proportional to the gas concentration 
gradient. As the bubbles undergo collapse, the gradient decreases. The decreasing 
gradient causes the rate of diffusion of gas away from the bubble wall to decrease. As the 
bubbles expand, the gradient increases. As a result of the increase, the rate of the 
diffusion of gas into the bubbles increases. The net effect of the expansion and collapse 
through shell effect is the accumulation of mass inside the bubbles. This rectified 
diffusion explains the behavior of bubbles undergoing multibubble cavitation. But it fails 
to elucidate the reason for stable single-bubble cavitation, which occurs cycle to cycle 
without mass accumulation (Figure 1.3).9, 61  
 
Figure 1.3. A calculated stable single-bubble cavitation in an applied acoustic field. The 
bubble is assumed to be in equilibrium with respect to mass exchange between bubble 
and bulk liquid. The net flux of mass across the liquid/gas interface is zero after a single 
cycle. Figure adapted from reference 9. 
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1.3 Multibubble Sonoluminescence 
 Multi-bubble sonoluminescence is (MBSL) is the light emission from a cloud of 
cavitating bubbles. MBSL is generated under the same conditions that practical 
sonochemistry is conducted under. Therefore, MBSL is closely related to sonochemistry 
and the conclusions derived from MBSL can be applied to sonochemistry. Generally, 
there are two different experimental setups for generating MBSL. One employs a 
standing-wave type and the other uses a horn type. Figure 1.4 shows two typical light 
emitting bubble clouds from ultrasonic transducers under different configurations.62 In 
the standing-wave type, the liquid is irradiated by an ultrasonic transducer that is attached 
to the liquid container. A standing wave is formed by the superposition of the incident 
wave and the reflected wave.62 In the horn type, the ultrasonic horn is directly immersed 
into the liquid and an ultrasonic wave is radiated from the horn tip. 
Typical MBSL spectra include a broad continuum extending from the near IR to 
the near UV with distinct spectral features from atomic and molecular emissions.9 The 
exact mechanism for the light emission phenomenon is not yet known, but analysis of the 
spectral features allows us to gain information on the conditions reached inside the 
bubble at the time of light emission. MBSL from a large number of liquids has been 
reported, and spectral features of emitted light are strongly dependent on the choice of 
liquid.15, 34-39, 63-65 
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Figure 1.4. (A) Photograph of sonoluminescence from water saturated with Ar with a 
standing-wave configuration. (B) Photograph of sonoluminescence from water saturated 
with Ar doped with luminol (3-aminophthalhydrazide) with a standing-wave 
configuration. The ultrasound wave was generated from a function generator with 
frequency of 139 kHz. The output voltage of the function generator was 360 mVp-p, 
equivalent to ~0.1 W/cm3. The dimension of the cell is 60×60×79 mm3. (C) Photograph 
of sonoluminescence from 85% H3PO4 saturated with Ar at an applied acoustic power of 
24 W/cm2. The frequency is 20 kHz and the diameter of the Ti horn is 1 cm. Figure A 
and B adapted from reference 62. 
 
1.3.1 MBSL from Water 
Since the discovery of sonoluminescence, water has been the most studied liquid. 
MBSL spectra from aqueous solutions generally exhibit weak and broadened OH* 
emission on top of a continuum emission.34-36 If alkali metal salts are added to the 
solution, the emissions from excited alkali metal atoms are also observed.34, 65 An 
intensive study of aqueous MBSL was conducted by Verrall and Sehgal and later by 
Didenko. Various effects of external experimental parameters on MBSL in water have 
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been examined.36, 66-68 The effect of temperature on MBSL in water can be seen in Figure 
1.5.66, 67 It is shown that sonoluminescence diminishes with increased bulk liquid 
temperature. They also studied the effect of noble gas on the MBSL spectra from water.36 
They observed that as the dissolved gas changed from He to Xe the excited state OH• at 
310 nm gradually disappeared. They concluded that sonoluminescence is a kind of 
luminescence and the source of the sonoluminescence is not electrical charge or 
blackbody radiation. The physical conditions that can be achieved inside the imploding 
bubbles are limited by the polytropic ratio and thermal conductivity of noble gases. The 
individual bubbles also work as chemical reaction chambers in which water or radicals 
can decompose and recombine to form a series of chemical substances exhibiting unique 
spectral features. Depending on the conditions reached inside the collapsing bubbles 
different excited states lead to the observed changes in MBSL spectra. 
 
Figure 1.5. MBSL spectra from water saturated with Ar at 22 kHz and different 
temperatures (from top to bottom): 11 °C, 12.5 °C, 26 °C, and 48 °C. Figure adapted 
from reference 66. 
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Doping the water with alkali metal salts leads to the formation of excited metal 
atoms. Figure 1.6 shows photographs of MBSL from water saturated with Ar doped with 
sodium dodecyl sulfate and luminol respectively.62 The orange emission in Figure 1.6A is 
from excited Na atoms. The observation of Na* or other excited metal atoms (e.g., K* 
and Li*) implied that the conditions inside the bubbles were so extraordinary that metal 
salts are dissociated and undergo electronic excitation by reactive OH• and H• radicals. In 
addition to the observed excited metal atoms, the alkali-metal/noble-gas van der Waals 
molecules can also be detected to the blue of the alkali metal emissions.65, 69 The 
existence of alkali-metal/noble gas complexes directly demonstrated that the origin of the 
metal atom emission is from the highly pressurized gas phase of the collapsing bubbles. 
 
Figure 1.6. (A) Photograph of sonoluminescence from water with 1 mM SDS saturated 
with Ar. (B) Photograph of sonoluminescence from water saturated with Ar doped with 
luminol (3-aminophthalhydrazide). The ultrasound wave was generated from a function 
generator with frequency of 139 kHz in a standing-wave configuration. The output 
acoustic power of the function generator was ~0.06 W/cm3. The dimension of the cell is 
60×60×79 mm3. Figure adapted from reference 62. 
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1.3.2 MBSL from Organic Liquids 
MBSL in aqueous liquids show limited spectral features with low light intensity, 
which is a direct result of the relatively high vapor pressure of water. The existence of a 
fairly large number of water molecules inside the collapsing bubbles is not energy 
efficient; much of the energy concentrated during cavitation is consumed by the bond 
dissociation and molecular rotations and vibrations.70 Sonoluminescence and 
sonochemistry are typically performed in low vapor pressure organic liquids like long-
chain alkanes and silicone oil.14, 37, 39, 71-75 Figure 1.7A is the MBSL spectrum from 
dodecane saturated with Ar which consists of a broad continuum with emission bands 
assigned to C2 (d3Πg – a3Πu, the Swan lines), the same emission seen in flames.39 
Furthermore, the ultrasonic irradiation of alkanes in the presence of N2 (or NH3 or 
amines) gives emission from CN* but not from N2* (Figure 1.7B). The emission from 
CN* but the absence of N2* implied that the origin of molecular emissions is thermal 
rather than microdischarge. When O2 is present in the system, emission from CO2*, CH•* 
and OH•* is observed. MBSL spectrum from silicone oil showed the same features as 
dodecane with additional emission peaks from excited Si atoms.76  
Ultrasonic irradiation of volatile organometallic compounds (e.g., Fe(CO)5, 
Cr(CO)6, and Mo(CO)6) in a low-volatility organic liquid produces intense emission light 
that contains known atomic emission lines.15, 16, 77, 78 The metal carbonyls are very 
volatile species and the metal-carbonyl bond is weak. The conditions generated during 
bubble collapse are sufficient to dissociate the CO ligands from the metal complex and 
produce excited metal atoms. Figure 1.8 shows the MBSL spectra from metal carbonyl in 
silicone oil solutions.77 Intense and well-resolved emission lines corresponding to excited 
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metal atoms are clearly observed. The intense metal atom emission provides a useful tool 
to quantify the conditions generated during MBSL. 
 
Figure 1.7. (A) MBSL spectrum from dodecane under Ar at 4 °C. (B) MBSL spectra 
from systems containing nitrogen. a. MBSL from dodecane under 85%/15% Ar/N2 
mixture at 4 °C. b. MBSL from 0.025 M 1,2-diaminoethane in dodecane under Ar at 4 
°C. c. MBSL from dodecane 20 min after saturation with NH3 followed by Ar purge. 
Ultrasonication is conducted at 20 kHz and ~60 W/cm2. Figure adapted from reference 
39. 
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Figure 1.8. MBSL spectra from 0.0025 M metal carbonyl in silicone oil (Dow Corning 
200 fluid, molecular weight ≈5000) (solid line) alone with emission from hollow cathode 
lamp of each metal species (dotted line). (A) Cr(CO)6, (B) Fe(CO)5, (C) Mo(CO)6 and 
(D) W(CO)6. Figure adapted from reference 77. 
 
1.3.3 MBSL from Inorganic Liquids 
MBSL from organic liquids has revealed a number of spectral features which 
allow for quantitative determination of the conditions inside tiny bubbles. MBSL in 
organic liquids, however, still suffers from the decomposition of organic molecules into 
small organic hydrocarbons. The accumulation of small organic compounds (e.g., CH4, 
C2H2, and H2) will eventually induce bond dissociations, polyatomic rotations and 
vibrations, which are energy consuming processes.70 Inorganic liquids like ionic liquids 
and mineral acids could avoid the decomposition of organic species under ideal 
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conditions. Ionic liquids have some unique properties, such as excellent thermal stability, 
low combustibility, high chemical tolerance, wide liquid regions, and negligible vapor 
pressure, which make them attractive solvents for sonochemical reactions.79, 80 MBSL 
spectra from a number of different ionic liquids contained emission from excited CH, C2, 
and CN (Figure 1.9).63 Head gas analysis shows the formation of a variety of organic 
decomposition products. The observation of low molecular weight small organic 
decomposition compounds indicated that the initial decomposition reactions occurred in a 
liquid phase that either surrounding the bubble or by injection into the bubbles because 
ionic liquids have negligible vapor pressure. This observation strongly supports the two-
site models of sonochemistry but was not able to differentiate them.81 Molten salt eutectic 
(ZnCl2/NaCl/KCl) has also been used for MBSL which only exhibits Na* emission 
lines.82 
 
Figure 1.9. MBSL spectra of (A) 1-methylimidazole, (B) 1-methylimidazole with 1.5% 
n-butyl chloride, and (C) BuMeImCl. Sonication was carried out at 20 kHz at 60 W/cm2 
under Ar. Figure adapted from reference 63. 
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Liquids that have both low vapor pressure and highly soluble sonolysis products 
are preferred for MBSL study. Mineral acids like sulfuric acid and phosphoric acid meet 
such criteria (low vapor pressure plus formation of very soluble H2S and SOx gases) and 
exhibit bright sonoluminescence (easily observed even in a well-lit room) upon ultrasonic 
irradiation.64, 83 Figure 1.10 shows the sonoluminescence spectrum from 95% H2SO4 
saturated with Ar.64 The spectrum contains emission from SO (B3Σ- – X3Σ-), Ar (4p-4s), 
and a small peak from the emission of oxygen atom (777 nm).  
 
Figure 1.10. MBSL spectrum from 95 % H2SO4 saturated with Ar, sonicated at 20 kHz 
and 14 W∙cm -2.  The spectral features include the emission from excited SO molecules 
and Ar atoms. Figure adapted from reference 64. 
 
1.3.4 Temperature and Pressure Measurements during MBSL 
Ultrasound provides a unique means for converting sound energy to light. The 
conditions generated during bubble collapse have fascinated researchers for a long time. 
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The first attempt to measure the temperatures during bubble collapse was via a method 
termed comparative-rate thermometry.81 The basic idea of this approach is to use an 
Arrhenius relation to determine the reaction temperatures from known specific reaction 
pathways with known kinetic rate constants and known initial compositions by analyzing 
sonolysis products. By applying this principle, an effective temperature of 5200 ± 650 K 
inside the gas phase of collapsing bubble was determined. The methyl radical 
recombination (MMR) method has also been developed for the measurement of 
temperatures generated during bubble collapse,84, 85 but this MMR approach is based on 
unrealistic assumptions, which limits its applications. Effective emission temperatures of 
2000~5000 K have been reported from this method. 
A number of spectral features have also been revealed from MBSL in a variety of 
liquids. Those emission lines and bands not only demonstrate that chemical reactions 
occur during bubble collapse but also can be used to quantify the conditions created 
inside imploding bubbles. The initially observed C2 emission was first applied to 
spectroscopically measure the intracavity temperatures.14 High resolution MBSL spectra 
from silicone oil under Ar have been acquired and analyzed. Synthetic spectra can be 
generated based on the well-understood theory of diatomic molecular emission. The 
observed emission from C2 can be compared to synthetic spectra as a function of 
rotational and vibrational temperatures. From comparison of experimental spectra with 
synthetic spectra, an effective cavitation temperature of ~5000 K is determined. Doping 
water solution with trace amount of organics like benzene also leads to the formation of 
C2 emission.44, 45 An effective emission temperature of 4300 K was obtained. The lower 
emission temperature determined from water in part is due to the higher vapor pressure of 
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water (6.6 torr) compared with that of silicone oil (<0.01 torr) (Figure 1.11).45 The 
excellent match between the observed MBSL spectra with synthetic spectra provides 
definitive proof that sonoluminescence is a thermal process rather than electrical 
discharge. At the same time, the conclusion derived from the spectroscopic study is very 
close to the results obtained from comparative-rate thermometry. 
 
Figure 1.11. Emission spectra comparing the intensities of ∆υ=1 to ∆υ=0 bands of the 
d3Πg – a3Πu transition (Swan bands) of C2. (A) Calculated spectra. (B) Observed MBSL 
spectrum of 0.01% v/v benzene in water at 278 K under Ar at 20 kHz, with an estimated 
emission temperature of 4300 ± 200 K. Figure adapted from reference 45. 
 
The observed Ar emission during MBSL in concentrated H2SO4 solutions can 
also be used to measure the emission temperatures. Ar emission has been extensively 
studied and the energy levels, transition probabilities, statistical weights, and photo 
energies of excited Ar atoms are well-known.86-89 By comparing MBSL Ar spectrum to 
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synthetic Ar spectra, an emission temperature of 8000 K was obtained (Figure 1.12).64 
The generation of Ar atom emission lines directly proves the existence of a plasma core 
during bubble collapse. Ar atoms cannot be thermally excited into the 4p state (~13 eV 
above ground state 4s) at the measured emission temperature of 8000 K. The formation 
of excited Ar atoms is due to collisional excitation with high energy ions like electrons. 
 
Figure 1.12. Spectrum of Ar (4p-4s manifold) emission from the MBSL in 95% H2SO4 
saturated with Ar compared to the best fit synthetic Ar spectrum. An effective emission 
temperature of 8000 K is obtained. The synthetic spectra assumed thermal equilibration 
and a Lorentzian profile with FWHM of 6.4 nm. Figure adapted from reference 64. 
 
Another method to calculate the emission temperatures is based on the relative 
intensities of atomic emission lines in MBSL spectra. The radiance of a single atomic line 
can be expressed in equation 1.1:90 
Inm = ℎ𝑐4𝜋 𝑙ρ𝑔𝑛𝑄 𝐴𝑛𝑚𝜆𝑛𝑚 𝑒−𝐸𝑛/𝑘𝑇                                                       (1.1) 
690 730 770 810 850
0
1
2
MBSL
Simulated spectrum
at 8,000 K
Wavelength (nm)
N
or
m
al
iz
ed
 In
te
ns
ity
 
N
or
m
al
iz
ed
 In
te
ns
ity
 
22 
 
In equation 1.1, h is Plank’s constant, c is the speed of light, l is the path length of a 
confining region, ρ is atom number density, gn is the degeneracy of the upper state n, Q is 
the partition function or “sum of states”, Anm is the Einstein transition probability 
between state n and m, k is Boltzmann constant, En is the energy of the upper state n, and 
T is the absolute temperature. In order to obtain an accurate temperature measurement, 
one needs to know the exact value of all the numbers shown in equation 1.1. Fortunately, 
the relative two-line ratio method eliminates the need to know the path length and atomic 
number density. The only numbers needed in order to use the relative two-line radiance 
ratio method is the relative Einstein transition probabilities. The ratio of two emission 
lines can be derived from equation 1.1 and written as equation 1.2:9 
𝐼1
𝐼2
 =  𝑔1𝐴1𝜆2
𝑔2𝐴2𝜆1
 exp[(E2-E1)/kT]                                                   (1.2) 
The observe emission lines from excited metal atoms produced by sonication of 
metal carbonyls (e.g., Cr(CO)6, Fe(CO)5, and Mo(CO)6) in organic liquids were first used 
to measure the emission temperatures based on the relative two-line radiance ratio 
method. Figure 1.13 shows the emission lines observed from excited Cr atoms during 
MBSL in a solution containing Cr(CO)6 saturated with Ar.9 By using the relative two-line 
radiance ratio method and comparing MBSL spectrum with simulated spectra at various 
temperatures, an effective emission temperature of 4700 K is measured. This approach is 
applied to measure the emission temperatures based on other excited metal atoms like Fe 
(~5100 K) and Mo (~4800 K).15 The emission temperature measured in this way is 
comparable to that determined from C2 emission (~5000 K). Using this method, the effect 
of noble gas on the emission temperature was also determined. The temperature of MBSL 
increased from 3800 K to 5100 K by switching the gas from He to Xe.78 
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The observed excited metal atoms can also be used to estimate the pressures 
generated during bubble collapse. Under high pressures, the emission lines are known to 
broaden and shift by predictable amounts. Because of scattering of the emitted light by 
the bubble cloud, significant experimental broadening can occur. The line broadening is 
therefore not suitable for estimating the intracavity pressures, but the estimated pressure 
can be derived from the line shifts of the observed emission lines. Figure 1.14 shows the 
MBSL Cr* emission lines compared with the spectrum from hollow cathode lamp.16  
 
Figure 1.13. (A) Simulation of thermally equilibrated emission from Cr* atoms. The 
synthetic emission spectra are normalized at 424 nm. (B) MBSL spectrum from a 
solution of Cr(CO)6 in silicone oil saturated with Ar compared to a simulated Cr* 
emission spectrum at 4700 K. Figure adapted from reference 9. 
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Figure 1.14. MBSL spectrum of 2.5 mM Cr(CO)6 in silicone oil saturated with Ar. 
Spectrum from hollow cathode lamp (thin lines) is shown for comparison. Background 
continuum emission has been subtracted for clarity. Figure adapted from reference 16. 
 
By comparing the observed shift from the Cr* lines generated from MBSL in silicone oil 
containing Cr(CO)6 to ballistic compressor data, it is determined that the pressure inside 
collapsing bubbles is 300 bar, which is a lower bound for the pressure can be reached 
during bubble collapse. 
 
1.4 Single-bubble Sonoluminescence 
Single-bubble sonoluminescence (SBSL) is the light emission from an isolated, 
acoustically levitated bubble oscillating around the pressure antinode in a standing sound 
field.7 SBSL has been extensively studied because it is believed that much more extreme 
conditions are generated during single-bubble cavitation than multibubble cavitation. The 
conditions generated during single-bubble cavitation have been hypothesized to be severe 
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enough to induce thermal nuclear fusion, with recent controversial reports of neutron 
production from fusion.91-93 The claims of making thermal fusion during acoustic 
cavitation have been found to be fraudulent and attempts to reproduce the results have 
been unsuccessful,94-96 but researchers remain optimistic about the idea of making fusion 
reactions possible (i.e., sonofusion) through single-bubble cavitation. 
Unlike MBSL, spontaneous cavitation does not occur under the conditions for 
SBSL. A bubble must be seeded by some triggering mechanisms (e.g, by putting a short 
current pulse through a metal wire to induce transient boiling, by squeezing air bubbles 
using a pipette, or by rapid heating through a focused laser beam).9 The bubbles will 
quickly coalesce at the center of the resonator (i.e., pressure antinode) and remain 
spatially stationary due to the balance between the Bjerknes force (i.e., a translational 
force applied on the bubble under an acoustic pressure gradient) and buoyancy force. The 
bubble oscillates radially with the applied sound field.97, 98 Using time-correlated single-
photon counting, it has been revealed that the pulse width of the light flash ranges from 
~35 to 350 ps for a single bubble in water, depending on the type and concentration of 
gas.99, 100 The light flashes in nonvolatile liquids like sulfuric acid and phosphoric acid 
can reach nanosecond and microsecond durations.101, 102 
Water is the most frequently studied liquid for SBSL. Typical SBSL spectra from 
water include a broad continuum extending from the near IR to the near UV.100, 103 The 
featureless spectra have hindered the pursuit of the mechanisms ultimately responsible 
for the light emission during SBSL. Recently, rich spectral information has been obtained 
by switching the liquid from water to mineral acids (e.g., sulfuric acid).9, 17, 18, 46, 104, 105 
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Analysis of spectral features allows us to gain information on the conditions reached 
inside the cavitation bubble at the time of light emission.  
1.4.1 SBSL from Water 
A single, light emitting bubble that oscillates radially with the applied standing 
sound wave was first achieved in water.42 Since then the majority of SBSL studies have 
been performed in water. The typical emission spectrum observed during SBSL from 
water is a featureless continuum extending from the near IR into the near UV, devoid of 
any bands or lines.100, 103 Figure 1.15 shows high-resolution SBSL spectra from water 
regassed with different noble gases.100 No distinctive emission bands or lines are 
observed. The lack of spectral features and high velocity collapse near the bubble 
collapse led to the speculation that extreme temperatures and pressures are generated 
during SBSL. The lack of spectral features also poses a problem when trying to quantify 
the intracavity conditions or elucidate the light emitting mechanism. It is generally 
thought that the continuum emission is from several possible processes, including 
radiative plasma processes (e.g., Bremsstrahlung and ion-electron recombination), 
blackbody emission following Plank’s law, and severe line broadening under extreme 
temperature and pressure conditions.106-115 Because the featureless continuum can occur 
under many conditions, it is impossible to accurately deduce the mechanism for the light 
emission process during SBSL. 
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Figure 1.15. High resolution (1 nm FWHM) SBSL spectra from water dissolved with 
different gases. Figure adapted from reference 100. 
 
Emission lines and bands were observed from a very dimly luminescing bubble in 
water.116 It was found that the SBSL spectra from dimly luminescing bubbles contained 
emission bands from excited OH radicals as well as other lines which could not be 
identified (Figure 1.16A).116 This observation is very important because it directly proves 
that water molecules are present in the bubble during SBSL and it contributes to the 
observed emission light. Unlike previous SBSL experiments, the amount of dissolved 
noble gas in this case is relatively large (150 torr). Instead of rigidly fixed at the pressure 
antinode of the resonator, the bubble jitters slightly around the pressure antinode as it 
oscillates with the applied standing sound wave. It was also discovered that the emission 
spectra are dependent on the dissolved noble gases (Figure 1.16B).116 The intensity of the 
310 nm peak (due to the excitation of OH•) increases with increased molecular weight of 
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noble gas. The observed OH emission indicates that chemical reactions (e.g., bond 
dissociation and radical recombination) occurred during bubble collapse under SBSL 
conditions.  
 
Figure 1.16. (A) SBSL spectra from water regassed with 150 torr Ar under different 
acoustic pressures at 25 °C. The acquisition time for the dimmest bubble takes 5 days 
while 100 min for the brightest bubble. (B) Dependence of SBSL spectra with dissolved 
noble gases at 25 °C with same applied acoustic pressures. Inset: Peak intensities of the 
OH• emission at 310 nm vs √𝜇, the square root of the reduced mass of the noble gas and 
OH• radical, for the same integrated light intensity. Figure adapted from reference 116. 
 
1.4.2 SBSL from Organic Liquids 
Although the majority of SBSL studies are conducted in water, a few attempts 
have also been made in nonaqueous liquids.117, 118 For example, spectroscopic studies of 
the SBSL generated from various organic liquids like n-dodecane and ethanol dissolved 
with Xe have been performed.117 The SBSL spectra obtained from the above organic 
liquids show no discernible spectral features, similar to SBSL spectra from water. The 
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SBSL spectra from the organic liquids are significantly different from the typical MBSL 
emission spectra observed during the ultrasonic irradiation of organic liquids. MBSL 
emission spectra from organic liquids always contain emission from the excited states of 
sonolysis products like C2 and CH.9, 14, 37, 39 
Under certain conditions, molecular emissions are observed within SBSL spectra 
from organic liquids with high heteroatom content (e.g., N, O, S) and low vapor pressure 
(e.g., NC(CH2)4CN, (CH3)2SO).118 The emission spectra are strongly dependent on the 
applied acoustic pressure and the bubble dynamics. For example, the SBSL spectra from 
adiponitrile contained emission from CN (B2Σ – X2Σ) at relatively low acoustic 
pressure.118 As the acoustic pressure increased, the emission line gradually disappeared 
and a featureless continuum emission similar to that observed in water emerged. 
Interestingly, even at relatively low acoustic pressure, the molecular emissions are only 
observable from a moving sonoluminescing bubble but not from a stationary bubble 
(Figure 1.17).118  
 
Figure 1.17. SBSL spectra from a stationary and moving bubble in methylformamide at 
an acoustic pressure of ~1.1 bar. The emission peak at 380 nm arises from CN (B2Σ – 
X2Σ). Figure adapted from reference 118. 
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1.4.3 SBSL from Sulfuric Acid 
In a continuation of the effort to study SBSL in low-volatility liquids, extremely 
intense SBSL has been discovered from concentrated sulfuric acid (H2SO4).17 SBSL from 
85% H2SO4 was more than 2700 times as bright as from water. The increased light 
intensity is in part due to the low vapor pressure of 85% H2SO4 (40 mtorr) compared to 
water (20 torr). In addition to dramatically enhanced light intensity, numerous spectral 
features including molecular (SO and SO2), ionic (Ar+, Kr+, Xe+, and O2+), and atomic 
(Ne, Ar, Kr, and Xe) emission bands and lines have been observed.104 For example, 
strong Ar emission (13 eV above ground state) can be observed from SBSL in 85% 
H2SO4 solution regassed with Ar at moderate acoustic pressures (Figure 1.18).17 This is 
the first noble gas emission observed since the discovery of sonoluminescence. For an Ar 
bubble at very low acoustic pressure, the SBSL spectrum consists of not only Ar 
emission but also more energetic Ar+ (37 eV above ground state) and O2+ ionic emissions 
(Figure 1.19).104 In addition, molecular emission (SO) can also observed from the same 
cavitation event. It is interesting to observe SO and Ar+ emission simultaneously. Ar+ can 
only be thermally excited at temperatures where SO has already dissociated. The 
observation of Ar+ and SO means that Ar+ and SO emission are excited at different 
locations or times inside the collapse bubble or they are generated by a mechanism other 
than thermal excitation. 
A rich set of spectral features (molecular, ionic, and atomic) originated from the 
liquid and from the dissolved gas has been observed. The intensity of emitted light from 
concentrated H2SO4 is thousand-fold brighter than that previously observed from any 
other liquid. Discrete emission lines coupled with bright light enable us to use 
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spectroscopic methods to quantify the intracavity temperature and pressures in the same 
manner as mentioned in MBSL.9, 17, 18  
 
1.4.4 Temperature and Pressure Measurements during SBSL 
Since the discovery of SBSL, it has been hypothesized that the conditions created 
during single-bubble cavitation are extreme. The quantification of intracavity conditions 
during single-bubble cavitation is of great interest both theoretically and experimentally. 
While effective emission temperatures during multibubble cavitation have been 
successfully determined by comparative rate thermometry or from excited molecular and 
atomic emissions, the temperature measurements inside a single collapsing bubble have 
proven to be much more difficult.  
 
Figure 1.18. SBSL spectra from a bubble in 85% H2SO4(aq.) regassed with Ar driven at 
different acoustic pressures (shown above the corresponding spectrum).  The neutral Ar 
atom emission lines in the red and near-IR region of the spectra arise from the 4p – 4s 
manifold. Figure adapted from reference 17. 
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Figure 1.19. (A) SBSL spectrum from 85% H2SO4 with 50 torr Ar and acoustic pressure 
of 2.2 bar. (B) Enlarged region of the SBSL from 410 to 510 nm as shown in (A). Figure 
adapted from reference 104. 
 
Early temperature measurements focused exclusively on continuum emission 
observed from SBSL in water. Obtaining effective emission temperature from featureless 
continuum emission spectra depend on the mechanism that generates the continuum. In 
SBSL, blackbody emission and bremsstrahlung emission are the two most common 
interpretations of the observed emission spectra.106-109, 114, 115 Figure 1.20 shows the 
SBSL spectra from water at different temperatures and the corresponding best fit 
blackbody emission spectra.108 In this case, blackbody fitting can be used to fit the 
experimental spectra fairly well. In most water SBSL spectra, however, an obvious peak 
cannot be observed in the spectral window of interest (200~900 nm).  
Bremsstrahlung radiation (i.e., an electromagnetic radiation produced by the 
deceleration of a charged particle when deflected by another charged particle) has also 
been used to fit the observed featureless SBSL spectra from water (Figure 1.21).106 The 
emission temperature measured from a Xe bubble is dramatically lower than that from a 
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He bubble. This conclusion is controversial due to the fact that the thermal conductivity 
of Xe is much lower than He and a higher intracavity temperature should be achieved in a 
Xe bubble.17, 78 A significant difference between the temperatures measured based on 
blackbody and bremsstrahlung radiation also exists. For a He bubble, blackbody fitting 
estimates the cavitation temperature is ~8000 K while this number is infinite in a 
bremsstrahlung fitting! Assumptions based on blackbody and bremsstrahlung radiation 
are not experimentally valid yet in SBSL. Controversial results obtained during 
temperature measurements using blackbody and bremsstrahlung radiation drive us to 
obtain intracavity temperatures from more accurate sources; the discrete emission lines 
and bands observed during SBSL. 
The observation of Ar emission from SBSL in concentrated H2SO4 allows for the 
definitive determination of effective emission temperatures inside a collapsing bubble 
without relying on assumptions. The Ar emission spectrum can be calculated based on 
equation 1.1 and can be used to measure the effective emission temperatures via simple 
comparison.9, 17 In this manner, the emission temperature from single-bubble cavitation in 
H2SO4 regassed with Ar can be determined. Figure 1.22 shows an experimental Ar 
emission spectrum compared to a best fit synthetic Ar emission spectrum at an emission 
temperature of 15000 K (assuming thermal equilibrium).9 If the applied acoustic pressure 
increases, the Ar emission lines become too broad compared to the underlying continuum 
emission and temperature measurements are not accurate.9, 17 
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Figure 1.20. SBSL spectra from water regassed with H2 at (A) 0 °C and (B) 20 °C. Solid 
lines are best fit blackbody radiation with temperature at 6644 K and 6200 K at 0 °C and 
20 °C, respectively. Inset shows spectrum A on a linear scale. Figure adapted from 
reference 108. 
 
Figure 1.21. SBSL spectra from He (150 torr) and Xe (3 torr) bubbles in water (23 °C) 
driven at 43 kHz. Thin solid lines are blackbody fits at 8000 K (He) and 20400 K (Xe). 
Dashed lines are best bremsstrahlung fits 21500 K for Xe and infinite temperature for He. 
Figure adapted from reference 106. 
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Temperatures measured from a SBSL Ar bubble in H2SO4 provide definitive 
proof that a hot plasma is formed during single-bubble cavitation.17 The measured 15000 
K is not hot enough to thermally induce the formation of Xe+, Kr+ and Ar+ in the same 
system. The most probable route for the formation of excited noble gas ions is via high 
energy electron impact. The temperature measured from Ar emission does not reflect the 
core temperature within the collapsing bubble. The plasma formed inside the imploding 
bubble results in a hot opaque core that is much hotter and denser than the outer region 
where Ar emission is generated. Therefore, the Ar emission only represents the 
temperature generated in the shell region surrounding the plasma core and the obtained 
emission temperature is a lower bound for the temperature reached within the collapsing 
bubble.17 
 
Figure 1.22. SBSL spectrum from 85% H2SO4 regassed with Ar (blue line) is compare to 
best fit synthetic Ar emission spectrum at 15000 K (yellow line). Underlying continuum 
has been subtracted for clarity. Figure adapted from reference 9. 
36 
 
Standard tools of plasma diagnostics can be applied to measure densities inside 
the collapsing bubble and then to obtain the pressure achieved in the spatiotemporal 
region occupied by the Ar emission.18 Figure 1.23 compares the SBSL Ar emission 
profiles and peak positions with Ar emission from a He(Ar) spectral calibration lamp.18 It 
is obvious that the SBSL Ar emission lines are severely broadened and red shifted 
relative to the Ar emission lines from a low pressure environment, indicating that high 
densities are created during bubble implosion. Several different mechanisms can cause 
the broadening and shift of observed Ar emission lines and one of them is pressure 
broadening.112, 119-121 If the parameters that contribute to the broadening of the Ar 
emission lines are known (e.g., instrumental response and Stark effect), proper 
deconvolution of the line width will leave only the contribution from pressure 
broadening. Once the contribution from pressure broadening is known, the density within 
the collapsing bubble can be determined. Application of the van der Waals equation of 
state with known density and emission temperature leads to an estimated pressure of 
~1400 bar. The pressure measured by this spectroscopic method matches well with that 
determined from a coupling of the measured bubble dynamic and an adiabatic 
compression model (~1600 bar).18 As the applied acoustic pressure increases, the Ar 
emission lines become broadened and indistinguishable from the underlying continuum 
emission. At this point, both temperature and pressure measurements using spectroscopic 
methods are not reliable. But the coupled bubble dynamics and adiabatic compression 
model method still yields an estimated pressure of 4000 bar inside the collapsing 
bubble.18 Note that the plasma electron density measured from the collapsing bubble in 
H2SO4 can be controlled over 4 orders of magnitude and exceed 1021 cm-3–comparable to 
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that generated by the Lawrence Livermore National Laboratory Nova laser (1.8 kJ in 1 ns 
at 527 nm) in inertial confinement fusion experiments on a polyethylene target.122 
 
Figure 1.23. Comparison of SBSL Ar emission spectra from 85% H2SO4 containing 40 
torr Ar at an applied acoustic pressure of 3.6 and 4.2 bar respectively and that from a 
He(Ar) spectral calibration lamp. Underlying continuum has been subtracted for clarity. 
Figure adapted from reference 18. 
 
1.5 Conclusions 
Acoustic cavitation is a unique means to drive chemical reactions and convert 
sound into light. Sonoluminescence provides an opportunity to quantify the conditions 
generated inside the implosive collapsing bubbles via spectroscopic methods. Discrete 
emission bands and lines (e.g., relative peak intensities, peak positions, and profiles) 
observed from electronically excited atoms and molecules have been used to measure the 
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temperatures and pressures during both MBSL and SBSL. Understanding the extreme 
intracavity environments during bubble collapse is vital to elucidate the mechanisms at 
work for light emission. Recent work in exotic liquids like concentrated sulfuric acid 
provides the first experimental evidence that an optically opaque plasma is formed from 
collapsing bubbles. 
Although sonoluminescence has been rigorously studied for many years, some 
unanswered questions still remain. What is the ultimate light-emitting mechanism for 
sonoluminescence? What is the nature of the continuum emission? What is the peak 
temperature that can be achieved during bubble collapse? How do molecular, atomic, and 
continuum emission evolve when a bubble starts to collapse? Future work in 
sonoluminescence is still required with hope to answer the above questions, bring about a 
better understanding of the cavitation process, and provide more information on how to 
control the light emitting process. 
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CHAPTER 2 
CHEMICAL AND PHYSICAL EFFECTS OF ULTRASOUND  
FOR MATERIALS SYNTHESIS 
 
 
2. 1 Introduction  
  High intensity ultrasound can induce a variety of chemical and physical 
consequences and has found many important applications in organic chemistry, materials 
synthesis, medical diagnostics, disease treatments, and industrial manufacturing 
processes.1-12 In terms of materials synthesis, high intensity ultrasound provides unique 
reaction conditions that are dramatically different from other conventional synthetic 
techniques such as photochemistry, wet chemistry, hydrothermal synthesis, flame 
synthesis.2, 4-6 Materials prepared by high intensity ultrasound are not the direct result of 
an interaction of sound waves with chemical species. Instead, they are produced by the 
chemical and/or physical effects derived from high intensity ultrasound on molecular 
species. The velocity of sound in liquids is usually ~1500 m/s and ultrasound spans the 
frequencies of 15 kHz to 10 MHz. The associated sound waves are in the range of 10 to 
0.1 cm. Therefore, no direct interaction of sound waves with chemical species occurs in 
the solutions. The chemical effects of ultrasound primarily derive from acoustic 
cavitation: the formation, growth, and implosive collapse of bubbles in liquid irradiated 
with high intensity ultrasound, as illustrated in Figure 2.1.5 When a sound wave with 
sufficient amplitude is propagated through a liquid, the liquid is under dynamic tensile 
stress and the density changes with alternating expansive and compressive waves. 
Bubbles will be generated from any preexisting impurities and oscillate with the applied 
sound field. They can grow to a certain size (usually tens of micrometers) before a 
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catastrophic collapse begins. The implosive collapse process is nearly adiabatic and 
results in localized transient hot spots responsible for observed chemical reactions. The 
conditions created inside the collapsing bubbles during that transient hot spot are 
extreme: temperatures up to 5000 K, pressures of 1000 atm, and heating and cooling rates 
>1010 K/s.2 Acoustic cavitation concentrates sound energy into a unique set of conditions 
that differ from other synthetic approaches, and this synthetic method is called 
sonochemistry (Figure 2.2).13 
 
Figure 2.1. Schematic illustration of a cavitating bubble oscillating with applied 
ultrasonic sound field. Figure adapted from reference 5. 
 
The physical effects of high intensity ultrasound, which are usually accompanied 
by chemical consequences, are frequently used in materials synthesis nowadays. 
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Cavitation near a liquid-solid interface occurs in a different matter than cavitation in a 
homogeneous liquid. Near a  
 
Figure 2.2. Chemistry, as a consequence of the interaction of matter and energy, changes 
as a function of time, energy, and pressure. This diagram illustrates the unique domains 
of chemistry. Figure adapted from reference 13. 
 
solid surface, bubble collapse becomes asymmetric which generates a high-speed jet of 
liquid directed onto the surface as shown in Figure 2.3.13 This accelerating jet, which can 
reach velocities greater than ~100 m/s, absorbs most of the energy. In addition, shock 
waves generated from collapsing bubbles can be as high as 104 atmospheres which can 
easily cause surface damage, fragmentation of brittle materials, and drive particles into 
high-velocity collisions.14-20 A shock wave generated from a laser-induced collapsing 
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bubble is shown in Figure 2.4.16 The physical effects of high intensity ultrasound are 
primarily responsible for: (1) enhanced mass transport due to strong turbulent mixing and 
acoustic streaming; (2) modification of surfaces by liquid jets and shock waves; (3) 
fragmentation of brittle materials into small pieces; (4) formation of high-speed 
interparticle collisions; (5) exfoliation of 3D structured materials into 2D or 1D 
materials.4 
 
Figure 2.3. Photograph of a cavitation bubble at the surface. A liquid jet is obviously 
formed during bubble collapse. The width of the bubble is around 1 mm. Photograph 
courtesy of L. A. Crum.  
 
Materials synthesized by different approaches usually exhibit different chemical, 
physical, optical, and electrical properties. The unique features obtained from materials 
prepared by different synthetic routes have been a driving force for the development of 
new methodologies for materials synthesis. This chapter will give a review of recent 
progress on applications of chemical and physical effects of high intensity ultrasound for 
materials synthesis. 
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Figure 2.4. A spherical shock wave launched from a laser-induced collapsing bubble. 
Images were acquired at a shutter spend of 20.8 million frames per second, frame size 
was 1.5×1.8 mm2, and the exposure time was 5 ns. Figure adapted from reference 16. 
 
2.2 Chemical Effects of Ultrasound for Materials Synthesis 
 When a liquid is irradiated by high intensity ultrasound, high-energy chemical 
reactions occur. There are many commercially available apparatus for sonochemical 
reactions: (1) ultrasonic cleaning baths are easily accessible and inexpensive but have low 
acoustic intensities (~ 1 W/cm2, 40 kHz); (2) high intensity ultrasonic probes (50~500 
W/cm2, 20~40 kHz) are the most powerful, reliable and effective source for laboratory-
scale sonochemical synthesis, (3) flow reactors with high ultrasonic intensities (20 kW 
modular units) are commercially available for large-scale irradiations. Depending on the 
volatility of solutes in the liquid, the sonochemical reactions can undergo two different 
pathways as illustrated in Figure 2.5. For materials synthesis involving volatile species 
(organometallic compounds), free metal atoms generated by bond dissociation due to 
high temperature and pressure created inside bubbles are injected into liquid phase and 
nucleated to form large nanoparticles or other structured materials when templates or 
other reactants are present. For materials synthesis involving nonvolatile chemical 
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substances (usually metal ions in aqueous solutions, or organic radicals from organic 
solvents), highly reactive radicals are formed from sonolysis of vapor molecules inside 
the collapsing bubbles and then they diffuse into the liquid phase to initiate a series of 
redox reactions to form a variety of materials. Although the formation pathways for 
materials prepared by sonochemical approach from precursors with different volatility are 
different, ultimately the origin of chemical reactions involved in the materials synthesis is 
from the interior of collapsing bubbles. 
 
Figure 2.5. Two possible routes involved in materials synthesis as a result of chemical 
effects of high intensity ultrasound: (1) metal atoms generated from bond cleavage of 
weak metal carbon bond in organometallic compounds are injected into bulk liquid to 
form functional materials; (2) chemically active radicals formed during the sonolysis of 
vapor molecules diffuse into liquid and following chemical reactions induced by these 
reactive species lead to the formation of a variety of materials. 
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2.2.1 Materials Prepared from Volatile Precursors 
Ultrasonic irradiation of volatile organometallic compounds (e.g., Fe(CO)5 or 
Cr(CO)6) in a nonvolatile organic liquid (e.g., silicon oil or dodecane) produces intense 
atomic emission lines from excited metal atoms analogues to flame emission.21-23 The hot 
spot conditions inside collapsing bubbles are sufficient to dissociate metal carbon bonds 
to generate individual metal atoms. The resulting metal atoms can agglomerate in the 
liquid phase to form a variety of nanostructured materials. The sonochemical reactions of 
organometallics have been extensively exploited as a general approach to prepare 
nanostructured materials, as shown in Figure 2.6.4 
 
Figure 2.6. Application of chemical effects of high intensity ultrasound for the synthesis 
of all kinds of inorganic materials based on volatile organometallic precursors. Figure 
adapted from reference 4. 
 
55 
 
Nanostructured metal particles were the first demonstration of the application of 
chemical effects of high intensity ultrasound for the preparation of nanomaterials. 
Ultrasonic irradiation of solutions containing volatile organometallic compounds such as 
Fe(CO)5, Ni(CO)4, and Co(CO)3NO produced porous, coral-like aggregates of 
amorphous metal nanoparticles (Figure 2.7A).24-27 For example, sonication of 1 M 
Fe(CO)6 in decane at 0 °C under Ar yielded a black powder. Elemental analysis indicated 
that the material was composed of >96% weight iron, with a small amount of carbon and 
oxygen present from the solvent and CO ligands. SEM images revealed that the power 
was an agglomerate of 20 nm iron particles. If organic stabilizers like oleic acid or 
polyvinyl-pyrrolidone were present in the solvent to trap nanoparticles before aggregation 
occurs, individual iron nanoparticles were produced in a similar fashion to prepare 
amorphous iron powder.28 Such prepared iron nanoparticles had a diameter of ~8 nm and 
were amorphous as measured by electron diffraction (Figure 2.7B).28 Magnetic studies 
indicated that these iron nanoparticles were superparamagnetic. In addition to the 
monometallic nanoparticles, bimetallic alloy particles were also be prepared in this way. 
For example, sonication Fe(CO)5 and Co(CO)3NO led to the formation of Fe-Co alloy 
particles, and the composition was controlled by varying the ratio of the precursors in the 
solution.29-32  Other bimetallic systems like Fe-Ni, Co-Ni, and FePt have also been 
prepared.33-35 Alloy nanoparticles exhibit superior catalytic properties compared to 
monometallic nanoparticles. 
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Figure 2.7. (A) Sonochemical synthesized porous, coral-like amorphous iron and (B) 
sonochemical prepared iron nanoparticles stabilized by oleic acid. Figure adapted from 
reference 27 and 28. 
 
The metal atoms decomposed from organometallic compounds during sonication 
are highly reactive and can react with other chemical substance in the solvent to form 
new compounds. Nanostructured MoS2 was synthesized by the sonication of Mo(CO)6 
with sulfur in 1,2,3,5-tetramethylbenzene under Ar.36 MoS2 prepared by the 
sonochemical method differs from conventional MoS2 dramatically in morphology 
(Figure 2.8): conventional MoS2 was a layered material with platelike morphology, while 
sonochemical synthesized MoS2 showed spherical morphology with average diameter of 
15 nm. TEM examination revealed that sonochemically prepared MoS2 contained more 
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defects and showed much more edges, although both MoS2 had the same interlayer 
distance of 0.62 ± 0.01 nm.  
 
Figure 2.8. SEM images of (A) sonochemically synthesized MoS2 and (B) conventional 
MoS2. Figure adapted from reference 36. 
 
MoS2 has been frequently used as a hydrodesulfurization catalyst in the petroleum 
industry to remove sulfur from crude oil before combustion. Sonochemically prepared 
MoS2 exhibited ~fivefold higher catalytic activity than conventional MoS2 for the 
hydrodesulfurization of thiophene. The increase in catalytic activity was attributed to the 
higher surface area and more edges and defects found in sonochemically prepared MoS2. 
Surprisingly, the catalytic activity of sonochemical prepared MoS2 was comparable to 
RuS2, one of the best but extremely expensive commercial catalysts available. 
Similar to MoS2, Mo2C and W2C are interesting catalysts that showed similar 
catalytic activity as platinum group metals. However, the synthesis of Mo2C and W2C 
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remains a challenge because of the refractory nature of metal carbides. In general, metal 
carbides are synthesized by mixing a metal with carbon at an extremely high temperature. 
Sonochemistry provides a convenient approach to prepare nanostructured metal carbides 
that exhibit excellent catalytic activity.37, 38 Sonication of Mo(CO)6 or W(CO)6 in 
hexadecane leads to the formation of amorphous metal oxycarbides. Removing oxygen 
by heating under 1:1 CH4/H2 leads to the formation of Mo2C or W2C. Such prepared 
metal carbides are porous aggregates of small nanoparticles with surface areas of 130 
m2/g and 60 m2/g for Mo2C and W2C, respectively. They exhibit activity and selectivity 
similar to platinum for dehydrogenation reactions. Meanwhile, these nanostructured 
metal carbides show superior activity, selectivity, and stability for the 
hydrodehalogenation of halogenated organic pollutants. Metal nitrides can also be 
prepared by sonication metal carbonyl compounds under a reductive gas mixture of NH3 
and H2.39 Fe nanoparticles coated on silica gels are also produced by sonication Fe(CO)5 
in the presence of silica gels. 
  When a template is present in the solution, the ultrasonic irradiation of volatile 
organometallic compounds can deposit metal atoms onto the template to form different 
structured materials. For examples, ultrasonic irradiation of Mo(CO)6, sulfur, and silica 
nanoparticles in isodurene under Ar flow led to the formation of MoS2–coated silica 
nanoparticles.40 Replacing Ar with air and removing sulfur from the system yielded 
MoO3–coated silica nanoparticles.40 After etching of the silica component by HF, hollow 
structured MoS2 and MoO3 were obtained. Such prepared hollow structured MoS2 had 
superior catalytic activity toward hydrodesulfurization of thiophene than sonochemically 
59 
 
prepared MoS2 nanoparticles due to the significantly increased edge defects and 
improved accessibility to both inner and outer surfaces of hollow structures. 
Ultrasonic irradiation of Fe(CO)5 in the presence of carbon nanoparticles provided 
a facile method for the preparation of hollow hematite (Figure 2.9).41 Carbon 
nanoparticles were used as a spontaneously removable template through combustion by 
the heat released from the rapid oxidation of the Fe shell coated outside the carbon 
nanoparticles upon exposure to air. Porous Co3O4 was produced in a similar fashion but 
carbon nanotubes were used as the template and Co4(CO)12 as the precursor.42 Co3O4 
prepared in this way was found to be an excellent electrode material for lithium-ion 
batteries. 
 
Figure 2.9. (A) TEM image and (B) high-angle annular dark-field (HAADF) STEM 
image (inset: select area electron diffraction pattern, SAED) of hollow hematite prepared 
by the sonication of Fe(CO)5 with preexisting carbon nanoparticles as template. Figure 
adapted from reference 41. 
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Under suitable conditions, nano-sized catalyst particles can be deposited onto 
substrates to form supported catalysts. A nanostructured, bifunctional catalyst, 
Mo2C/ZSM-5, was prepared by the sonication of Mo(CO)6 and HZSM-5 in hexadecane.43 
The free Mo atoms decomposed from Mo(CO)6 by high intensity ultrasound were 
deposited onto the surface of ZSM-5 support and then they nucleated to form small 
nanoparticles with diameters of ~2 nm. Such prepared catalyst showed excellent catalytic 
activity for dehydroaromatization of methane to benzene. Use a similar approach, Co- 
and Ni-promoted MoS2 supported on alumina were prepared by the high intensity 
ultrasound irradiation of isodurene slurries containing Co2(CO)8, Mo(CO)6, sulfur, and 
Al2O3 or Ni-Al2O3 under Ar flow.44 The sonochemically prepared supported catalysts 
were active for the hydrodesulfurization of thiophene and dibenzothiophene. 
The sonochemical method has also been used to synthesize single-walled carbon 
nanotubes by the irradiation a solution containing silica powder, ferrocene, and p-xylene 
(Figure 2.10).45 In this synthesis, ferrocene was used as the precursor for Fe catalyst, p-
xylene was used as carbon precursor, and silica powder was used as the nucleation site 
for the growth of carbon nanotubes. The extreme conditions created inside the collapsing 
bubbles provided sufficient energy to decompose ferrocene to form small Fe clusters and 
pyrolyze p-xylene to carbon atoms and carbon moieties. This approach provides a 
convenient synthetic route for the preparation of carbon nanotubes under ambient 
conditions. In addition, no extra purification procedures are needed in this process, which 
open up the possibility of large-scale synthesis high-purity single-walled carbon 
nanotubes. 
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Figure 2.10. (A) Schematic illustration of the preparation process for the formation of 
single-walled carbon nanotubes on silica powders using sonochemical method. (B) SEM 
image of carbon nanotube bundles on polycarbonate filter membrane. (C) HRTEM 
images of single-walled carbon nanotube bundles. Figure adapted from reference 45. 
 
Ultrasonic irradiation of common organic solvents such as CHCl3, CH2Cl2, and 
CH3I with HF-etched Si nanowires yielded many different structured hydrocarbon 
materials (i.e., nanotubes and nano-onions).46, 47 Nanostructured SiHx served as template 
for the nucleation of carbon species formed from the pyrolysis of organic vapor 
molecules inside the collapsing bubbles. Another possible mechanism for the formation 
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of hydrocarbon structures is the accelerated reaction between SiHx with organic 
molecules promoted by ultrasound. 
 
2.2.2 Materials Prepared from Nonvolatile Precursors 
Sonochemistry can also be used to prepare materials such as nanostructured noble 
metals when nonvolatile precursors are present in the solvent (usually water). The 
sonochemical reduction approach has its own unique features: no reducing chemicals are 
needed, the reduction rate is generally very fast, and very small nanoclusters can be made 
in this way when suitable stabilizers are present. The reducing species that ultimately 
account for the reduction of nonvolatile noble metal ions in the solution are from the 
sonolysis of water. Specifically, ultrasonic irradiation of water generate highly reactive 
H• and OH• radicals which are responsible for the redox reaction.48-51 These reactive 
radicals will further react with organic additives (e.g., 2-propanol and alcohol) in the 
solution to generate secondary radicals (R•) which can dramatically promote the 
reduction rate. Overall, the process can be summarized as follow: 
H2O → H• + OH• 
H• + H• → H2 
H• + OH• → H2O 
OH• + OH• → H2O2 
RH + OH• (or H•) → R• + H2O (or H2) 
Mn+ + nR• (or H•) → M0 
mM0 → Mm (M= noble metal) 
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Unlike metallic particles prepared from the sonication of volatile organometallic 
compounds which are typically amorphous, materials produced from nonvolatile 
compounds are usually well crystallized. 
Nanostructured noble metals (e.g., Au, Ag, Pt, and Pd) have been prepared by a 
number of synthetic approaches such as controlled chemical reduction, solvothermal 
synthesis, photochemical reduction, and radiolytic reduction.52-56 The sonochemical route 
is one of the synthetic methods for the preparation of various metallic nanoparticles and 
has been explored by many research groups.57-65 Spherical metal nanoparticles are easy to 
prepare by ultrasonic irradiation. A systematic study carried out by Grieser et al. on the 
effect of ultrasound on the synthesis of noble metal nanoparticles indicated that the 
particle size is inversely dependent on alcohol concentration and alkyl chain length.59 
This observation led to the conclusion that alcohol molecules absorbed on the surface of 
nuclei can limit the growth of small nanoparticles into large nanoparticles. The other 
possible mechanism for obtaining small nanoparticles using higher alcohol 
concentrations is that more secondary radicals can form at higher alcohol concentrations 
which leads to faster reduction rates which results in smaller and possibly more uniform 
particles. 
When two different metallic ions are present in the solution, bimetallic 
nanoparticles can be obtained. For example, the sonochemical reduction of an aqueous 
solution containing both Au(III) and Pd(II) ions led to the formation of bimetallic 
nanoparticles. Such prepared bimetallic nanoparticles exhibited a core-shell structure 
with a Pd shell over an Au core (Figure 2.11).66, 67 The formation of the core-shell 
structure is due to the difference in reduction potential between Pd(II) and Au(III) ions. 
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When Au and Pd nanoparticles are formed simultaneously, excess Au(III) ions will 
consume Pd nanoparticles via an oxidation reaction to form Au and Pd(II) ions. The 
Pd(II) ions can be reduced by the reducing radicals again to form Pd which will be 
oxidized by Au(III) again. This process results in the formation of the core-shell structure 
via the co-reduction method. A similar approach can be used to prepare Au/Ag core-shell 
particles by the sonochemical method.68 
 
Figure 2.11. TEM images of sonochemically prepared Au/Pd bimetallic nanoparticles 
with different molar ratios of Au and Pd precursors: (A) 1:1 and (B) 1:4. Figure adapted 
from reference 67. 
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Other than the co-reduction approach, sequential sonochemical reduction can also 
be used to prepare core-shell structured nanoparticles. Au core and Pd shell nanoparticles 
have been synthesized by successive reduction of Pd(NO3)2 and HAuCl4 in ethylene 
glycol via ultrasonic irradiation.69 Both Pt and Ru are excellent electrocatalysts for 
methanol oxidation in direct methanol fuel cells (DMFC). Sonochemical reduction can be 
applied to synthesize Pt@Ru core-shell nanoparticles via sequential reduction.70, 71  
The sonochemical method has also been developed to prepare nonspherical 
nanoparticles in solutions. For example, gold nanorods have been synthesized by the 
sonochemical reduction of HAuCl4 in the presence of AgNO3, CTAB, and ascorbic 
acid.72 The solution pH influences the aspect ratio of the gold nanorods: as the pH of the 
solution increases, the average aspect ratio of formed gold nanorods decreases. 
Ultrasound-induced reduction of HAuCl4 on presynthesized gold seeds using 
poly(vinylpyrrolidone) (PVP) as a stabilizing polymer leads to the formation of 
monodispersed gold nanodecahedra (Figure 2.12).73, 74 This sonochemical method can 
significantly increase the yield and reproducibility. Ag nanoplates have also been 
synthesized by a similar ultrasound-assisted Ostwald ripening process using Ag 
nanoparticles as seeds.75 These platelike nanostructures served as templates to fabricate 
ringlike metal structures via a simple displacement reaction under ultrasonic irradiation.75 
Ag nanowires and nanorods have also been prepared by sonication suitable Ag precursors 
in the solutions.76, 77 
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Figure 2.12. (A) Photograph of samples withdrawn from the reacting solution at various 
times during a typical synthesis of decahedral gold nanoparticles. (B), (C), and (D) shows 
TEM images of decahedral gold nanoparticles prepared by sonication (60 min) using 
different amounts of gold-seed solution (B: 1.4 ml, C: 0.7 ml, D: 0.3 ml). The scale is the 
same in all TEM images. Figure adapted from reference 73. 
 
Polymers or small molecules sometimes can act as structure directing agents as 
well as stabilizers. Ultrasonic irradiation of HAuCl4 solution containing α-D-glucose 
produced gold nanobelts with a width of 30~50 nm and a length of several micrometers 
(Figure 2.13).78 A detailed study revealed that gold nanobelts are formed through 
following 3 steps: (1) formation of gold nanoparticles; (2) aggregation and melting of 
gold nanoparticles directed by α-D-glucose; (3) further growth along the Au[111] 
direction and recrystallization finally yield single-crystalline gold nanobelts.  
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Figure 2.13. (A) SEM image and (B) high-magnification SEM image of sonochemically 
synthesized gold nanobelts. Conditions for preparing these gold nanobelts are: 
[HAuCl4]=50 mg/ml, [α-D-glucose]=0.2 M, sonication time=1 h. Figure adapted from 
reference 78. 
 
The sonochemical reduction of nonvolatile precursors in solution is not limited to 
noble metals. For example, trigonal Se nanowires are prepared by the sonication of 
amorphous Se colloids in alcohol solvents without the presence of templates or 
68 
 
surfactants.79 Small nanocrystals of trigonal Se can be produced and decorated onto the 
surface of amorphous Se colloids via localized heating. Trigonal Se can then act as seeds 
for the growth of Se nanowires through a solid-solution-solid transformation mechanism 
because amorphous Se has a higher free energy than trigonal Se. 
Various metal oxides and metal chalcogenides have been prepared by the 
sonochemical synthetic method.80-94 A typical synthesis of such materials usually 
involves the sonication of a solution containing a metal salt and an oxygen or chalcogen 
source (e.g., air for the oxygen, thiorea for S, selenourea for Se, or sometimes, a sulfate 
or selenate). Reactive species such as radicals (O• or S•) or H2 can react with metal ions 
in the solution to form metal oxides or metal chalcogenides. If proper structure directing 
agents are used, different structured materials (e.g., hollow spheres, nanorods, nanowires, 
or nanocubes) can be obtained. For example, ultrasonic irradiation of CdCl2, NaSeSO3 
and ammonia can lead to the formation of hollow CdSe spheres (Figure 2.14).95 CdCl2 
was hydrolyzed in the basic conditions to form Cd(OH)2 which acted as an in situ 
template for the formation of hollow structures. This process can be written as follow: 
H2O → H• + OH• 
2H• + SeSO32– → Se2– + 2H+ + SO32– 
Cd(OH)2 + Se2– → CdSe + 2OH– 
nCdSe → (CdSe)n 
Hetero-structured materials such as core/shell SnO2/CdS and ZnO/CdS have also been 
prepared via sonochemical deposition of metal sulfide onto metal oxides.96, 97 
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Figure 2.14. (A) HRTEM image of an individual CdSe hollow sphere and (B) SAED 
pattern. Figure adapted from reference 95. 
 
The sonochemical method can also deposit in situ formed nanoparticles onto 
preexisting substrates in solution. For example, noble metal nanoparticles generated by 
the sonochemical reduction method have been deposited onto various substrates (e.g., 
polystyrene spheres, silica particles, carbon nanotubes, or polymer matrix).98-102 Recently, 
graphene has emerged as a new 2D material with unique electrical, thermal, and 
mechanical properties. Catalyst assemblies of nanostructured materials with exfoliated, 
single-layer graphene have great promise for a wide range of applications including 
sensors, fuel cells, lithium-ion batteries, photocatalysts, and fuel cells. Ultrasonic 
irradiation of graphene oxide with HAuCl4 in water produced well-dispersed reduced 
graphene oxide/Au composites by simultaneous or sequential reduction procedures.103 
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The mechanism responsible for the formation of reduced graphene oxides and reduction 
of Au(III) to Au nanoparticles is due to the formation of reactive OH• and H• radicals via 
sonolysis of water vapor inside collapsing bubbles. 
 
Figure 2.15. TEM images of the reduced graphene oxide/Au composite at low resolution 
on a holey carbon grid. (A) Sequentially reduced and (B) simultaneous reduced graphene 
oxide/Au composite by sonochemistry. Figure adapted from reference 103. 
 
The chemical effects of high intensity ultrasound have also been applied to 
prepare soft materials such as polymers.104-109 The majority of polymers are synthesized 
from monomers that contain reactive groups that can react to form long polymer chains. 
Acoustic cavitation in liquids can generate high concentrations of radicals which can be 
used to synthesize polymers in a controllable manner. For example, sonochemically 
formed OH• and H• radicals have been used to prepare poly(acrylonitrile) in aqueous 
solutions.105 The primary role of ultrasound in the synthesis of polymers is to induce the 
formation of radicals that are capable of polymerization of vinyl monomers. Radicals can 
be formed either by the thermal decomposition of pure monomer molecules inside 
cavitating bubbles or by the decomposition of initiators such as peroxides or azo 
compounds. Because high temperatures exist inside the collapsing bubbles, monomer 
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vapor can be pyrolyzed in the bubbles to form insoluble chars in the liquid. Some 
purification procedures are necessary to obtain high purity and high molecular weight 
polymers.  
High intensity ultrasound can also induce the degradation of high molecular 
weight polymers.110-113 The mechanism of polymer degradation is still not clear: it could 
be a physical effect due to the shear force applied on polymer chains, or it could be that 
radicals formed by cavitation process induce the degradation process. The degraded 
polymer chains, however, can be used to initiate a second polymerization process to 
prepare block copolymers.4, 114 Other soft materials such as protein microspheres have 
also been prepared by the sonochemical approach.115-122 The application of ultrasound for 
preparation of protein microspheres, which involves both physical and chemical effects 
of high intensity ultrasound, will be discussed later. 
 
2.3 Physical Effects of Ultrasound for Materials Synthesis 
Unlike the chemical effects of high intensity ultrasound, there are no chemical 
reactions involved when the physical effects of high intensity are applied for materials 
synthesis. The physical effects of high intensity ultrasound generally arise from the high-
speed jets and/or intense shock waves result from bubble collapse. They have been 
frequently used to prepare emulsions, break down fragile materials, exfoliate layered 
materials, enhance mass transfer, bulk thermal heating, and the modification of surfaces.  
Graphite has a layered, planar structure. The space between each graphene layer 
can accommodate guest molecules or atoms to form graphite intercalation compounds.123 
The formation of intercalation compounds is usually a very slow process. Ultrasonic 
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irradiation, however, can dramatically increase the reaction rate. For example, potassium 
intercalated compounds (KC8) can be prepared by the sonication of graphite with 
potassium under an Ar atmosphere in 3 minutes while normal preparatory methods 
typically require 1~8 hours via a solid state reaction at a high temperature in an inert 
environment.124 H2PtCl6 can also be intercalated into the graphite layers to prepare Pt 
nanoparticles intercalated in graphite after exposure to H2 gas stream.125 The sonication 
of potassium intercalated graphite in ethanol can generate carbon nanoscrolls. The 
conversation efficiency is very high, up to ~80%. Ultrasound is essential to form carbon 
nanoscrolls: very few nanoscrolls can be obtained without sonication.126 Carbon 
nanoscrolls can also be prepared from another graphite intercalated compound, graphite 
nitrate. The reason for the formation of carbon nanoscrolls is not clear yet, but ultrasound 
provides the necessary mechanical energy to overcome the van der Waals force between 
each graphene layer. The individual exfoliated graphene layers can then fold via 
intralayer interactions to reach a stable structure in the solvent (Figure 2.16).126 
 
Figure 2.16. (A) Schematic illustration of the intercalation and exfoliation process to 
prepare carbon nanoscrolls. TEM images of (B) a thin layer of graphite sheets in the 
process of scrolling, (C) an isolated carbon nanoscrolls with open ends, and (D) a bundle 
of scrolled carbon nanosheets. Figure adapted from reference 126. 
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Ultrasound has become a formidable tool in the chemical preparation of graphene. 
In a typical synthesis of graphene oxide, pristine graphite is oxided by Hammer’s method 
to form graphite oxide with increased interlayer distance to reduce the van der Waals 
force.127, 128 After mild sonication, single-layered graphene oxides can be produced which 
then are chemically reduced to form graphenes. A more straight forward method to 
prepare graphene is the direct liquid-phase exfoliation of graphite by sonication.129-134 To 
obtain high yields of exfoliated graphenes from graphite, the surface energy of the 
solvent should match the surface energy of graphite with surface tensions of 40~50 
mJ/m2. Sonication of graphite in suitable solvents (e.g. N-methyl-pyrrolidone (NMP)) can 
lead to the formation of single layer and few-layer graphenes. The sonication of graphites 
in water in the presence of surfactant (e.g., sodium dodecylbenzene sulfate, SDS) can 
yield graphenes, with concentrations up to 0.1 mg/ml (Figure 2.17).130 Ultrasound is also 
frequently used to detangle single-walled carbon nanotubes which usually form bundles 
via van der Waals force. 
Using a similar approach with suitable solvents, other layered materials like 
MoSe2, MoTe2, TaSe2, NbSe2, NiTe2, BN, Bi2Te3, BN, MoS2, and WS2 can also be 
exfoliated in the liquid phase to prepare single-layered nanosheets (Figure 2.18).135 
Therefore, ultrasound can be used as a universal tool to overcome the attractive forces 
between individual layers to break 3D layer-structured materials down to 2D planer 
structures. 
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Figure 2.17. TEM images of graphene sheets exfoliated from graphites in 
water/surfactant mixture. (A) A monolayer. (B) A bilayer. (C) A trilayer. (D) A 
disordered multilayer. Figure adapted from reference 130. 
 
Figure 2.18. TEM of individual nanosheets. (A to C) Low-resolution TEM images of 
flakes of BN, MoS2, and WS2, respectively. (D to F) High-resolution TEM images of BN, 
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MoS2, and WS2 monolayers. (Insets) Fast Fourier transforms of the images. Figure 
adapted from reference 135. 
The impact of high intensity ultrasound on preexisting particles in a liquid is also 
an interesting phenomenon. For instance, high intensity ultrasound can drive micro-sized 
metal particles at high speed to induce local melting at the point of collision (Figure 
2.19).19, 20 This is another indication of the extreme conditions that can be created in 
liquid under ultrasonic irradiation. Of course, this can only happen with metals with 
relatively low melting point like Zn, and Sn. If the melting points of the metals are higher 
than 3000 K, no melting at the point of impact would occur. Ultrasonic irradiation of 
Bi2Sr2CaCu2O8+x in decane can significantly improve the superconducting properties.136 
The change in the superconductivity is believed to be due to the enhancement of 
intergrain coupling which controls the critical magnetic field (Jc) that limits the fields that 
can be formed using Bi2Sr2CaCu2O8+x superconductor by ultrasound induced interparticle 
collisions.  
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Figure 2.19. SEM image of a neck formed between two Zn particles via interparticle 
collision under ultrasonic irradiation. Figure adapted from reference 19. 
Ultrasound can also be used to promote the diffusion of doping ions into spherical 
nanoparticles.137, 138 For example, high intensity of ultrasound is used to prepare Mg2+ 
doped ZnO nanoparticles with tunable photoluminescence (from yellow to blue, see 
Figure 2.20).137 The quantum yield of these Mg2+ doped ZnO nanoparticles is very high; 
they can reach >60% under optimal conditions. XRD and HRTEM results indicate that no 
MgO phase exists in the ZnO nanoparticles. Ultrasonic irradiation of a slurry containing 
Au colloids and TiO2 particles can lead to the formation of Au nanoparticles intercalated 
in a mesoporous TiO2 structure which shows enhanced photocatalytic properties.138 
 
Figure 2.20. Photographs of ethanolic solutions (upper) and dry powders (lower) of 
Mg/ZnO nanoparticles prepared by ultrasonic irradiation of ZnO with Mg2+ with different 
Mg/Zn ratios under UV light. Figure adapted from reference 137. 
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The microjets and shock waves produced by high intensity ultrasound near the 
solid surfaces can also induce a series of physical changes on the surfaces of particles and 
substrates.139 For instance, ultrasonic treatment of fused silica glass in water has been 
shown to induce erosion on the glass surface (Figure 2.21).140 High intensity ultrasound 
can also induce the erosion of the surfaces of ceramic materials. Figure 2.22 shows the 
worn surfaces of Al2O3 ceramic and MgO-ZrO2 ceramic after 360 min exposure to high 
intensity ultrasound.141 The surface of Al2O3 ceramic was dramatically damaged by 
ultrasonic irradiation while the surface of MgO-ZrO2 was only partially eroded. It is 
concluded that the microstructures of ceramic materials play an important role in 
resistance to the cavitation erosion. 
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Figure 2.21. Photograph of a fused silica glass eroded by sonication for 180 min at 2 mm 
from the ultrasonic horn at the acoustic intensity of 49 W/cm2. Figure adapted from 
reference 140. 
 
Figure 2.22. White light interferometer images of the worn surfaces of (A) Al2O3 and (B) 
MgO-ZrO2 after cavitation erosion in water for 360 min. Figure adapted from reference 
141. 
 
The surface of metallic substrates and metallic particles can also be affected by 
ultrasonic irradiation. The effect of sonication on metal surfaces was first studied on 
nickel powders.142-145 After the ultrasonic irradiation of nickel powders, the particle 
surfaces became smoothed compared to those before ultrasonic treatment. The surface 
oxide layer was removed by the ultrasonic irradiation and the reactivity of the nickel 
powder increased by ~100,000 fold.142 High intensity ultrasound has also been applied to 
anticorrosion coatings.146 Generally, pure aluminum metal is coated by a 3~7 nm thick 
natural oxide layer. This layer is not able to protect against corrosion agents and it is not 
strongly adhered to the subsequent pure metallic layer. The corrosion protection and 
adhesion properties, however, can be improved via ultrasonic treatment. After ultrasonic 
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irradiation, the existing oxide layer is removed and a new active oxide layer will form 
which has been shown to exhibit better resistance to corrosion. Ultrasonic irradiation 
induced surface modification is caused by the combined effects microjets, shock waves, 
microstreaming, and microturbulance that arise from physical effects of high intensity 
ultrasound. 
Sol-gel synthesis has been proven to be a versatile technique for the preparation 
of metal oxides. Ultrasound can accelerate the hydrolysis process and the subsequently 
obtained metal oxides show better size distribution, higher surface area, and improved 
phase purity. For example, TiO2, ZnO, CeO2, MoO3, V2O5, and In2O3 have been prepared 
by the ultrasonic irradiation of the precursor solutions.147-152 TiO2 nanoparticles prepared 
by ultrasonic irradiation the of precursor solution are more photocatalytically active than 
commercial TiO2 nanoparticles. The increase in photocatalytic activity is attributed to the 
improved crystallinity of TiO2 by accelerated hydrolysis under sonication. Ultrasound 
can also induce the formation of unique morphologies during the synthesis of metal 
oxides in the presence of soft templates. For example, hollow PbWO4 spindles were 
prepared from the sonication of a solution of Pb(CH3COO)2, NaWO4, and P123 
(EO20PO70EO20, Mav=5800) (Figure 2.23).153 If ultrasound was not applied to this 
solution, only solid particles were obtained. It was argued that ultrasound played an 
important role in the transformation of P123 micelles into hollow micelle aggregates 
which led to the formation of the hollow spindle structure. The whole process is 
illustrated in Figure 2.23E.153  
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Figure 2.23. (A) Typical SEM image of the as-prepared PbWO4 sample. (B) SEM image 
of several broken hollow spindles viewed from different angles. (C) Typical TEM image 
and (D) SAED pattern of the product. (E) Schematic illustration of the formation of 
PbWO4 hollow spindles under ultrasonic treatment. Figure adapted from reference 153. 
 
The microbubbles formed by the sonication of an aqueous solution could also act 
as a template for the formation of hollow spheres.154 For instance, ultrasonic irradiation 
of a solution containing crystalline Pt nanoparticles modified by a thin layer of 
polymethylmethacrylate (PMMA) led to the formation of hollow 1~2 μm Pt spheres 
containing 60% amorphous Pt.154 The proposed mechanism for the formation of hollow 
spheres is as follows: Pt catalyzes the decarboxylation of MMA, which results in the 
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formation of a more hydrophobic Pt surface and the accumulation of Pt nanoparticles at 
the surface of cavitation microbubbles, and this ultimately causes the formation of hollow 
spheres. The rapid heating and cooling of the cavitation microbubbles induces the 
welding of Pt nanoparticles and formation of amorphous Pt. The microbubbles created by 
sonication can also be used to prepare polyelectrolyte multilayers via layer-by-layer 
assembly. Electrostatic layer-by-layer assembly of polyallyamine (PAH) and 
poly(styrene sulfonate) (PSS) was successfully carried out by the ultrasonic irradiation of 
a mixture of Span/Tween block copolymers.155 The polyelectrolyte microcapsules 
prepared in this way have a large size distribution and are stable for a minimum of 1 
week. Figure 2.24A-B illustrates the preparation process and Figure 2.24C shows the 
confocal microscopy image of microcapsules prepared in this way.155, 156 
The power of the physical effects of high intensity ultrasound is further 
exemplified by mechanochemistry, which is a force-induced scission of covalent bonds. 
It was demonstrated that the incorporation of mechanically sensitive chemical groups 
onto a polymer chain makes it possible to harness the mechanical forces generated by 
exposing the polymer solutions to ultrasound. Sonication allows acceleration of the 
rearrangement reactions and a bias towards reaction pathways that yield molecules not 
obtained from purely thermal or light-induced reactions.157 As shown in figure 2.25, 
when trans or cis 1,2-disubstitued benzocyclobutene is incorporated into the polymer 
chain and undergoes ultrasound triggered electrocyclic ring opening process, 
respectively, same products are formed. If the reaction is initiated by light or heat alone, 
different products will be obtained. Thus, the mechanical force induced by ultrasound 
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Figure 2.24. Schematic illustration on fabrication of hollow gas-filled polyelectrolyte 
capsules. (A) An aqueous detergent mixture of Tween 80 and Span 60 is used to form gas 
bubbles through intensive ultrasonication at the air–water interface. (B) Mixing the 
bubbles with the cationic PAH results in the deposition of the first polyelectrolyte layer. 
The capsule now has an overall positive charge. These coated bubbles are separated from 
the unbound polymer by gentle centrifugation to allow binding of anionic PSS in the 
following step. The deposition procedure is repeated several times until a desired stability 
is reached. (C) Confocal microscopy image of air-(PAH/PSS)6 microcapsules under 
bright field mode. Figure adapted from reference 155 and 156. 
 
can alter the shape of the potential energy surfaces so that otherwise forbidden or slow 
reactions can proceed under mild conditions. Ultrasound offers a way to control the 
reaction pathways that dramatically differ from those achieved by simply changing 
chemical or physical parameters. If stress-sensitive and cleavable groups are integrated in 
the polymer chain, sonication could result in the precise scission of the polymer chains. 
Some weak covalent bonds like peroxide and azo bonds, strained rings, and weak 
coordinative bonds (e.g., palladium-phosphorus bond) have been shown to be cleaved by 
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ultrasound.158-161 Figure 2.26 shows that sonication of polymer containing a strained 
cleavable ring leads to the formation of reactive cyanoacrylates. 
 
Figure 2.25. Preparation and reaction of mechanosensitive polymers. Shown are the 
preparation of link-functionalized polymers 3 and 4 from bifunctional cis-
benzocyclobutene units 1 and 3, and the reaction of these polymers with maleimide trap 5 
under ultrasound or heat. Figure adapted from reference 157. 
 
Figure 2.26. (A) Ultrasound-induced cleavage of polymer containing a strained dicyano-
substituted cyclobutane ring to yield cyanoacrylate-terminated polymers. (B) Control 
polymer. Figure adapted from reference 158. 
84 
 
Another intriguing example of the application of the physical effects of high 
intensity ultrasound is to trigger a gelation process. This sonication-induced gelation 
phenomenon was first described in a pallado-macrocycles system.162 The association-
inert dinuclear Pd complex, as shown in Figure 2.27A, is stabilized by intramolecular π-
stacking interactions and is shown to instantly gelatinize a variety of organic solvents 
upon a brief presonication (Figure 2.27B). Ultrasound was then employed as an 
unexpected but effective stimulus to induce the gelation process via hydrogen bonding, 
π–π stacking, and/or van der Waals interactions.163-168 Ultrasound could also be used to 
prepare organic crystals.169-172 As shown in Figure 2.28, the application of low-intensity 
ultrasonic irradiation to cocrystals of 2(resorcinol)•2(4,4′ -bpe) produces nano- and 
micrometer-sized cocrystals that are shown to exhibit single-crystal-to-single-crystal 
reactivity.169 Compared to the conventional reprecipitation method, crystals obtained via 
sonocrystallization have more uniform size and prism morphology with nano- and micro-
sized dimensions. 
 
Figure 2.27. (A) Molecular structure of dinuclear Pd complexes. (B) anti-1a in acetone at 
293 K switching between stable sol state and gel state by a brief presonication for 3 s 
(0.45 W/cm2, 40 kHz). Figure adapted from reference 162. 
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Figure 2.28. SEM images of cocrystals of 2(resorcinol)•2(4,4′ -bpe) gown via 
sonocrystallization: (A) before and (B) after photoreaction. Circles show intact crystals, 
while the arrow shows crack in a large crystal. Figure adapted from reference 169. 
 
2.4. Chemical and Physical Effects of Ultrasound for Materials Synthesis 
 Under certain conditions, both the chemical and physical effects of high intensity 
ultrasound can be applied in materials synthesis. The physical effects of high intensity 
ultrasound usually have chemical consequences and the chemical effects of high intensity 
ultrasound are always facilitated by the physical effects. Some examples on the combined 
application of chemical and physical effects of high intensity ultrasound for materials 
synthesis will be described in this section. 
A notable example of the application both chemical and physical effects of high 
intensity ultrasound for materials synthesis is the preparation of protein microspheres.115-
122 Sonication of a protein solution (e.g., serum albumins) led to the formation of 
microcapsules which contained air or nonaqueous liquid. The mechanism responsible for 
the formation of protein microspheres involves two acoustic phenomena: emulsification 
(i.e., physical effects) and cavitation (chemical effects). Ultrasonication creates a 
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emulsion with proteins in the interface of two liquid phases. However, emulsification is 
not enough to prepare stable protein microspheres. Chemically produced radicals (e.g., 
HO2•) via sonolysis of water can induce the cross-linking of the disulfide bonds between 
protein cysteine residues. Layer-by-layer modification of the surface of protein 
microspheres with specific peptide ligands can be used for targeted imaging or drug 
delivery. It is worth mentioning that noncovalently bonded protein microspheres, sodium 
polyglutamate (SPG) microspheres, were prepared without the involvement of the 
chemical effects of ultrasound.122 Such prepared protein microspheres have been 
developed as biomedical imaging contrast agents for magnetic resonance imaging (MRI), 
for optical coherence tomography (OCT), and for sonography (e.g., Albunex, the first 
FDA approved echo contrast agent). 
Hollow inorganic spheres can be produced by the combined effects of high 
intensity ultrasound. For instance, PbS hollow nanospheres with diameters of 80~250 nm 
have been fabricated by a surfactant-assisted sonication route from Pb(CH3COO)2, 
thioacetamide, and sodium dodecylbenzenesulfonate under the irradiation of a 49 kHz 
ultrasound (Figure 2.29).173 These hollow nanospheres consist of PbS nanoparticles with 
diameters of 12 nm. Under sonication, surfactants accumulate at the surface of 
micrometer-sized air bubbles. Pb2+ ions in the solution are easily attracted by the 
negatively charged template surface to form hollow Pb2+ structures. Then, active H2S 
formed by reaction between thioacetamide and radicals formed by sonolysis of water will 
react with Pb2+ to form PbS nanoparticles. Compact, hollow PbS nanospheres are finally 
formed by a mineralization process. Hollow CdSe and MoS2 spheres are also prepared by 
this approach. 
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Figure 2.29. (A) TEM and (B) HRTEM images of PbS hollow spheres. Figure adapted 
from reference 173. 
. 
The combination of chemical and physical effects of ultrasound can be applied to 
prepare organic latex beads in a one-pot fashion.174, 175 The physical effects of ultrasound 
can induce the formation of emulsions that contain the monomers in an aqueous medium. 
The radicals formed by pyrolysis of water under ultrasound can diffuse into the organic 
phase to initiate the polymerization process. No additional initiators are required in this 
approach. In this method, fluorescent or magnetic substances can be incorporated into the 
latex particles to prepare functional latex beads. For examples, magnetic latex beads with 
a high content of magnetic nanoparticles have been prepared by ultrasonic irradiation of a 
mixed solution with magnetite nanoparticles, surfactants, water and monomer.175 Short 
sonication of the above solution results in the formation of a miniemulsion of monomer 
loaded with magnetite nanoparticles stabilized by surfactants in the water phase. 
Continuous sonication initiates the polymerization of monomers.  
Aligned nanostructured can be achieved upon the application of ultrasound. For 
example, vertically aligned ZnO nanorods are prepared on various substrates like Zn 
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sheets, Si wafers, glass, and polycarbonate membranes by sonication a precursor solution 
containing Zn2+ (Figure 2.30).176 Ultrasonic irradiation rapidly induces the anisotropic 
growth of ZnO along the (0001) direction on substrates. The alignment is presumed to be 
due in part to the relative depletion of Zn2+ concentration at the base of the growing rods 
relative the tops of the rods. This is caused by the physical effects of ultrasound. 
Chemical effects of ultrasound, for example, the O•¯ radicals formed by sonication of 
water in air, are also believed to be involved in the formation of ZnO rods. Compared to a 
conventional hydrothermal process, the growth rate of ZnO is increased by 10 fold, with 
an average growth rate of ~500 nm/h. This work demonstrates that the combination of the 
chemical and physical effects of ultrasound can produce aligned nanostructured 
materials. Such prepared ZnO nanorods have potential applications for solar energy 
conversion.  
 
Figure 2.30. Tilt-view SEM images of vertically aligned ZnO nanorods produced by 
ultrasound-induced anisotropic growth long the (0001) direction. (A) Low magnification 
and (B) magnified view of the oriented ZnO nanorods. Figure adapted from reference 
176. 
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2.5. Ultrasonic Spray Pyrolysis for Materials Synthesis 
Ultrasonic spray pyrolysis (USP) is a synthetic approach that for the preparation 
of materials with controlled morphologies, structures, and sizes.177-180 Unlike the 
application of chemical effects of high intensity ultrasound for materials synthesis where 
ultrasound directly induces chemical reactions, ultrasound does not cause chemical 
reactions. As a matter of fact, the chemical reactions in USP are thermally driven. The 
role of ultrasound in the USP synthesis of materials is to nebulize a precursor solution 
into individual droplets that act as microreactors where chemical reactions occur. In USP 
synthesis, high frequency ultrasound with low intensity (e.g., ~2 MHz) is typically used. 
In some aspects, USP could be redeemed as the application of physical effects of 
ultrasound for materials synthesis (i.e., micro-sized droplets that are physically produced 
by high frequency ultrasound).  
The phenomenon of the generation of droplets by high frequency ultrasound was 
first observed by Wood and Loomis in 1927.181 In general, nebulization of a liquid by 
high frequency ultrasound is a result of capillary waves (i.e., waves traveling along the 
interface between two liquids) or in other words, momentum transfer. The capillary 
waves created by ultrasonic vibration at the surface of liquid consist of crests and 
troughs. When the amplitude of the surface capillary waves is sufficiently high, crests of 
the waves can break off to form individual droplets. Such a phenomenon is shown in 
Figure 2.31.182 Many factors influence the size of liquid droplets generated by high 
frequency ultrasound. In 1962, Lang first correlated the relationship between ultrasonic 
frequency and average droplet size (Equation 1).183 The product particle diameter, 
Dparticle, can be estimated via equation 2 when the solution concentration is known. 
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1000𝜌
�1/3              (2) 
In above equations, Ddroplet is average droplet diameter, Dparticle is average particle 
diameter, ρ is solution density, γ is surface tension, f is ultrasonic frequency, M is 
molecular weight, and Cs is solution concentration. 
 
A typical USP apparatus is shown in Figure 2.32. Generally, the USP system 
consists of an ultrasonic transducer, a container which is separated by a thin membrane 
from transducer, a furnace, and some bubbler collectors at the outlet of the furnace. The 
liquid droplets generated by ultrasonic nebulization are carried through a furnace by a gas 
flow (e.g., Ar, N2, or sometime reactive gases like O2 or NH3). The final products are 
collected in the bubblers or other collection apparatus. There are also other types of 
commercial nebulizers available.184, 185 
 
Figure 2.31. Photograph of an ultrasonic fountain generated using 1.7 MHz ultrasound. 
Figure adapted from reference 182. 
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Figure 2.32. Schematic illustration of a typical USP apparatus. Figure adapted from 
reference 6. 
 
The USP process usually consists of droplet generation, solvent evaporation, 
solute precipitation, decomposition, thermal reactions (solid-phase or liquid-phase when 
high melting substances are present), desification, and sometimes pore formation in the 
presence of templates or release of gaseous products.177, 178 This is a simple description of 
the USP reaction process (Figure 2.33).6, 177, 178 Actual USP process is more complicated 
and has been discussed in many reviews and books. USP has been widely used in 
materials synthesis because the apparatus is simple and it can be scaled up for 
manufacturing. As a materials synthesis tool, USP stands out from other synthetic 
techniques with the following advantages: continuous production of micro- or nano-sized 
particles or spheres, high product purity, and facile control over the composition of the 
final product.177, 178, 180  
USP has been frequently used to prepare fine powders. A great number of metals, 
metal alloys, and ceramic materials (e.g., Au, Ag, Pd, Cu, Ni, Co, Au-Ag, and Ag-Pd) 
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have been synthesized via USP process.186-196 Typically, a metal salt or mixture solution 
is used as the precursor 
 
Figure 2.33. A schematic illustration of a typical USP process. 
 
to produce metals or metal alloys particles via thermal decomposition under inert 
atmosphere (e.g., Ar and N2). Sometimes, a reductive gas such as H2 is employed to 
provide a reducing environment for the preparation of non-precious metal particles. The 
addition of an alcohol into the precursor solution can create a stronger reducing 
environment due to the decomposition of alcohol to form CO, H2, and CH4 gases.197, 198 
Metal oxide powders are frequently prepared by USP. Mono-metallic oxides, such 
as Fe2O3, Fe3O4, SnO2, ZnO, TiO2, V2O5, and Co3O4, are the most common oxide 
materials.199-212 Other multi-component oxides or binary oxide powders such as NiFe2O4, 
LaCoO3, SiTiO3, and Al2O3-SiO2 also have been prepared by USP.213-220 To synthesize 
metal oxide powders, usually water soluble metal nitrates or metal chlorates are used as 
precursors in an oxygen-rich environment (e.g., air). Essentially all metal oxide powders 
can be synthesized with appropriate precursors. With a suitable chalcogenide source in 
the precursor solutions, metal chalcogenides can be fabricated in the same way. 
USP can also be used to make thin films. Typically, droplets containing solvent 
and precursors are delivered to a heated substrate where solvent evaporation and 
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precursor decomposition occur to form the desired thin films. In some cases, dry 
spherical powders could be delivered onto a heated substrate where complex 
decompositions or chemical reactions occur to form desired films. The addition of a small 
concentration of another element in the precursor solution can lead to the formation of 
doped thin films. With this approach, a number of metals, metal oxides, metal nitrides, 
and metal chalcogenides thin films have been prepared. 221-228 
USP has unique advantages compared to other synthetic techniques and is not 
limited to make micron-sized powders and thin films. In the past 10 years, USP has 
emerged as new synthetic approach for the preparation of novel nanostructured materials. 
The majority of the nanostructured materials prepared via USP require the use of 
sacrificial templates such as polymers, silica nanoparticles, or metal salts which can be 
removed by calcination, etching, or washing to form the desired structures or 
morphologies. Herein, some successful examples of the application of USP to prepare 
nanostructured materials will be given. 
Silica is the most frequently used material that is shown to be able to organize 
into complex architectures under ultrasonic spray pyrolysis drying. Figure 2.34 shows the 
SEM images of nanostructured SiO2 spheres prepared by the aerosol spray drying of SiO2 
nanoparticle suspensions.229 As the size of SiO2 increases, submicron hierarchical 
structures are formed. The pyrolysis temperature also affect the morphology of obtained 
SiO2 spheres: as the pyrolysis temperature was increased, smoother surfaces were 
observed due to better consolidation of the colloidal particles. Adding lanthanide ions 
(e.g., Eu3+) into the colloidal suspension could lead to the formation of luminescent SiO2 
microspheres (or TiO2 microspheres).230, 231 Mixing polystyrene colloids with SiO2 
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nanoparticles leads to the formation of spherical SiO2 microspheres with self-organized 
mesopores (Figure 2.35).232 In this approach, a mixture of 5 nm SiO2 nanoparticles and 
79 nm polystyrene latex nanoparticles was carried into a two-zone heated reactor (200 °C 
and 450 °C respectively). In the low temperature zone, the evaporation of the solvent 
produced a composite of colloidal SiO2 and polystyrene. Then the polystyrene particles 
were evaporated to produce the pores into the SiO2 matrix in the higher temperature zone. 
In addition, varying the size of polystyrene particles can induce the change of the pore 
sizes.233 
 
Figure 2.34. SEM images of nanostructured SiO2 spheres prepared by spray drying at 
200 °C of colloidal SiO2 suspensions with different SiO2 sizes: (A) 4~6 nm, (B) 10~20 
nm, (C) 40~60 nm, and (D) 80~100 nm. All SEM images are magnified by 150 K. Figure 
adapted from reference 229. 
95 
 
 
Figure 2.35. SEM images of SiO2 spheres with organized mesopores prepared by 
ultrasonic spray pyrolysis of colloidal SiO2/polystyrene mixtures. The composition of the 
precursor mixture is: (A) 10 ml SiO2 with 0.5 ml polystyrene colloids and (B) 10 ml SiO2 
with 1.0 ml polystyrene colloids. The size of SiO2 nanoparticles is ~5 nm while the 
polystyrene colloid is ~79 nm. Figure adapted from reference 232. 
 
In a recent study, tightly packed aggregates with either simple or broken 
symmetries were produced from SiO2 nanoparticles via the ultrasonic spray pyrolysis 
method.234 Highly ordered porous and hollow nanostructured SiO2 spheres were prepared 
by the addition of template polystyrene particles and by the control of the zeta potential 
of the colloids. As shown in Figure 2.36A, aggregates of large SiO2 particles are obtained 
via ultrasonic spray drying of large SiO2 particles. If small SiO2 nanoparticles are mixed 
with large polystyrene latex particles, porous or hollow structured SiO2 aggregates will 
form (Figure 2.36B). Depending on the concentration and zeta potentials, particles within 
the droplets become organized and the polystyrene latex particles controlling the final 
structures. After the solvent is evaporated in the low temperature zone, the voids between 
polystyrene latex particles are filled with small SiO2 nanoparticles (~5 nm). In higher 
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temperature zone, the polystyrene particles are decomposed to form the final hollow or 
porous silica aggregates. The architecture of the final products strongly depends on the 
initial concentration of particles, the particle size, and the surface charges of polystyrene 
and SiO2 particles. This example artfully illustrates the application of the aerosol-assisted 
spray drying technique to prepare colloidal spheres with well-defined structures and 
symmetries. 
 
Figure 2.36. SEM images and schematic models of large silica aggregates (from 100 nm 
SiO2 particles) and mesoporous silica aggregates (from 5 nm SiO2 particles) produced in 
the ultrasonic spray drying process. Figure adapted from reference 234. 
 
An alternative approach to prepare porous silica spheres was developed without 
the use of expensive colloidal polystyrene particles.235 Figure 2.37A describes the 
process.235 Polymerizable organic monomers (e.g., styrene), cross-linker, radical initiator 
(e.g., AIBN), colloidal SiO2, and surfactant (e.g., SDS) in aqueous solution was nebulized 
into the furnace to produce porous, submicron SiO2 spheres. Co-doped magnetic 
nanospheres were obtained by adding Co2(CO)8 into the precursor solution (Figure 
2.37B). 
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Figure 2.37. (A) Schematic representation of the multistage process of porous SiO2 
microsphere formation. (B) A TEM image of Co-doped porous magnetic SiO2 
microsphere prepared by ultrasonic spray pyrolysis. Figure adapted from reference 235. 
 
SiO2 nanoparticles can also be used as templates to prepare porous or hollow 
structured materials. These SiO2 nanoparticles can close-pack in an evaporating droplet 
and can provide a nanostructured scaffold in situ which can be removed by etching with 
HF. Figure 2.38 shows SEM and TEM images of porous MoS2 spheres prepared by using 
SiO2 nanoparticles as templates.236 While only spherical solid MoS2 spheres are obtained 
without the presence of SiO2 nanoparticles during USP process, USP with templating 
yields SiO2/MoS2 composite from the decomposition of MoS2 precursor mixed with SiO2 
nanoparticles. Subsequently, etching with HF leads to the formation of porous MoS2 
network. These porous MoS2 spheres are a highly active catalyst for hydrodesulfurization 
reaction compared to nonporous solid MoS2 particles. Upon doping with cobalt, the 
porous MoS2 particles exhibit superior catalytic activity compared to RuS2, which is 
known as the most active catalyst for hydrodesulfurization reaction.  
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Figure 2.38. Porous MoS2 prepared from ultrasonic spry pyrolysis for catalytic 
hydrodesulphurization of thiophene. (A) TEM and (B) SEM images of porous MoS2 
prepared by USP, (C) hydrodesulphurization activity of thiophene for various catalysts 
and (D) catalytic selectivity for butenes. Figure adapted from reference 236. 
 
Silica templates have been further utilized to prepare nanostructured metal oxides. 
When an aqueous solution containing a titanium complex and SiO2 nanoparticles is 
nebulized and decomposed via the USP process, a titania/silica composite is obtained.237 
Normally no phase separation will happen in this process and etching of SiO2 leads to the 
formation of porous TiO2 spheres. In the presence of some transition metal ions in the 
precursor solution, however, a phase separation occurs with the formation of TiO2 shell 
outside the SiO2 core.237 The exact mechanism to form this phase transition is still 
unknown. Etching the composites with HF for short time period results in ball-in-ball 
structure, and full etching leads to the formation of hollow, porous TiO2 microspheres. 
Under certain conditions, silica templating method could be used to make 
nanoparticles instead of creating porous hierarchical structures. For example, ZnS:Ni2+ 
nanoparticles have been synthesized via USP from solutions containing metal nitrates, 
thiorea, and colloidal silica (Figure 2.39C and 2.39D).238 To obtain ZnS:Ni2+ 
nanoparticles, a higher furnace temperature is required (1000 °C). At low temperature 
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(e.g., 700 °C), only hollow porous ZnS:Ni2+ spheres are produced after the silica template 
is removed (Figure 2.39A and 2.39B). The morphology change is related to rapid crystal 
growth of ZnS at high temperatures, which causes ZnS nanoparticles larger than silica 
nanoparticles. Such a structure is not rigid enough after the remove of the silica and the 
hollow microspheres collapse to form individual nanoparticles. It was found that the 
photocatalytic activity of the USP prepared nanoparticles for H2 evolution is substantially 
higher than that of the ZnS:Ni2+ powders prepared via a conventional approach (Figure 
2.39E). USP is a robust and convenient synthetic approach to prepare photocatalysts and 
many photocatalysts have been prepared via USP. 
 
Figure 2.39. SEM and TEM images of ZnS:Ni2+ hollow microspheres (A, B) and 
nanoparticles (C, D) via silica template approach by ultrasonic spray pyrolysis. (E) 
Photocatalytic activities under visible light irradiation (λ>400 nm) of ZnS:Ni2+ 
nanoparticles prepared by USP, as-obtained ZnS:Ni2+ powder prepared by traditional co-
precipitation, and heat-treated ZnS:Ni2+ co-precipitated powder (500 °C, 2 h under Ar 
flow). Figure adapted from reference 238. 
 
100 
 
Synthesis of nanoparticles via USP using silica templates still requires the etching 
step which is time consuming and not safe. Many other attempts have been reported to 
prepare nanoparticles using USP (e.g., low-pressure spray pyrolysis).239-241 But the 
requirement of a vacuum system and the difficulty in controlling experiment parameters 
have prevented the application this method for nanoparticle synthesis. In 2001, a novel 
and rapid approach named salt-assisted aerosol decomposition method was developed to 
produce nanoparticles with the simple USP apparatus.242 In this method, metal salts (e.g., 
KCl, LiCl, and NaCl) or their eutectic mixtures are added into the aqueous precursor 
solutions to prevent the aggregation of nanoparticles in the droplet. The metal salts also 
act as hot liquid solvents in the furnace (at a temperature higher than the melting point of 
the above mentioned metal salts) where nanoparticles can dissolve and precipitate during 
USP process. In this way, no further aggregation will occur during the densification 
process and the nanoparticles are well separated. Furthermore, the liquid phase molten 
salts could also improve mass transport. Due to the enhanced mass transport rate, 
nanoparticles produced in this salt-assisted aerosol decomposition method are usually 
much more crystalline than those prepared by normal USP process. These metal salts can 
be easily washed away leaving only individual nanoparticles behind. A variety of 
nanoparticles such as NiO, ZnS, ZnO, CdS, Ni, Ag-Pd, CeO2, LiCoO2, and (Ba1-
x,Srx)TiO3 have been prepared using this salt-assisted USP process.242-246 Figure 2.40 
shows the TEM images of (Ba1-x,Srx)TiO3, NiO, and ZnS nanoparticles prepared in this 
salt-assisted aerosol decomposition method.242 Metal salts can also be used as template 
instead of as a liquid solvent to prepare porous or hollow architectures.  
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Figure 2.40. TEM images of some samples prepared in the salt-assisted aerosol 
decomposition process. (A) (Ba1-x,Srx)TiO3, (B) NiO, and (C) ZnS. Figure adapted from 
reference 242. 
 
Decomposition of metal salts under USP conditions usually leads to the formation 
of solid metal particles. The addition of some soft template or scaffold into the precursor 
solution can result in the formation of hollow and porous metal particles. For example, 
porous hollow silver spheres have been produced using AgNO3 and glucose as precursors 
via USP process (Figure 2.41).192 Glucose is used as a reducing agent to convert Ag+ to 
Ag. After the solvent evaporates, glucose and Ag nanoparticles will accumulate at the 
periphery of the liquid droplets to form Ag nanoparticles-glucose hybrid shells. With 
increased temperature, the Ag nanoparticles melt to form a Ag skeleton on the surface of 
glucose. Subsequent washing process removes the glucose and leads to the formation of 
porous hollow Ag spheres.  
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Figure 2.41. SEM images of porous hollow silver spheres prepared via USP of aqueous 
solutions containing glucose (0.1 g/ml) and different concentrations of AgNO3: (A) and 
(B) 0.02 g/ml; (C) and (D) 0.06 g/ml. Figure adapted from reference 192. 
 
By rationally selecting organic salts with easy leaving groups (e.g., CO2, H2O, 
HCl, and SO3), a myriad of porous carbon spheres have been synthesized via USP.247-249 
In this approach, no additional template is required. Inorganic salts generated from the 
thermal decomposition of organic salts act as temporary templates in the highly cross-
linked carbon network, which are then dissolved during aqueous workup. This one-step 
process dramatically increases the rate of the formation of porous carbon spheres and 
does not require expensive templates. Interestingly, depending on the type of alkali salts 
used, a variety of carbon spheres with different morphologies and structures are obtained 
(Figure 2.42).247 Thermal analysis of precursors indicates that the formation of pore 
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structure is directly related to the melting point and decomposition temperature of the 
precursors. For example, hollow structures are formed when melting occurs prior to 
decomposition and the molten salt acts as template to create a hollow structure. 
Substituted alkali benzoate salts can also be used as carbon precursors to prepare porous 
carbon spheres, although organic salts are expensive and HCl will be produced during 
thermal decomposition process. A more cost effective and environmentally benign 
precursor, sucrose, can be used together with carbonate salts to produce porous carbon 
spheres.249 Carbonate salts such as NaCO3 or NaHCO3 act both as base catalysts to 
promote the decomposition of sucrose and induce porosity by the formation of CO2 when 
decomposed. Such prepared carbon materials show interesting hierarchical pore 
structures consisting of a microporous shell surrounding a macroporous core. Porous 
carbon spheres prepared by USP can be used as catalyst supports for direct methanol fuel 
cell and absorbents for environmental pollutants. 
 
Figure 2.42. SEM images of carbon materials prepared by USP of 1.5 M aqueous 
solutions of alkali metal chloroacetates (CA) and dichloroacetates (DCA). (a) Li-CA; (b) 
Na-CA; (c) K-CA; (d) Li-DCA; (e) Na-DCA; (f) K-DCA. Figure adapted from reference 
247. 
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In USP synthesis of materials, the final products obtained are usually spherical 
micro- or nano-sized particles. Recently, by coupling solid-state metathesis reaction with 
USP, nonspherical single-crystalline Bi2WO6 nanoplates have been achieved.250 In their 
synthesis, colloidal BiOCl which is capable of metathesis reaction from the hydrolysis of 
BiCl3, and Na2WO4 were chosen as precursors. If conventional precursors are used, only 
spherical polycrystalline particles are obtained. It is believed that the non-transient 
byproduct and heat produced modified the crystal growth conditions, facilitating the 
formation of single-crystalline nanoplates. The comparison of Bi2WO6 microspheres with 
nanoplates are shown in Figure 2.43. There are also few reports of formation of 
nanowires (e.g., carbon nanowires, Zn nanowires, Co nanowires, and Cd nanowires) from 
USP process with methanolic precursor solutions, but the exact formation mechanism is 
still not clear.251, 252 
 
Figure 2.43. (A) SEM and (B) TEM images, inset ED, of Bi2WO6 microspheres. (C) 
SEM and (D) TEM images, inset ED, of Bi2WO6 nanoplates. Figure adapted from 
reference 250. 
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Despite the fact the USP has been successfully applied to prepare nanoparticles 
via salt-assisted aerosol decomposition method, the development of new synthetic 
methods that are able to produce high-quality semiconductors in a continuous and 
scalable process still remains a challenge. This problem was addressed by using chemical 
aerosol flow synthesis (CAFS) method developed by Suslick and coworkers.253-255 In the 
CAFS synthesis of quantum dots, organic solutions of high boiling point liquids (e.g., 
octadecane) containing particle precursors were used instead of using aqueous solutions. 
A second solvent with a low boiling point was added to the viscous high boiling point 
liquid to make the solution less viscous and more easily nebulized. As the mist passed 
through the first heating zone, the low boiling point liquid was evaporated, leaving a 
concentrated precursor solution in the high boiling point liquid droplet. Then the 
chemical reactions similar to normal thermal decomposition of organometallic 
compounds synthesis of quantum dots occurred and high crystalline semiconductor 
nanoparticles such as CdS, CdSe, and CdTe were produced (Figure 2.44).253 The 
photoluminescent emission property of the obtained quantum dots can be easily tuned by 
changing the furnace temperature.  This synthetic route can also be extended to prepare 
ternary CdTeSe and CdTeS quantum dots which emit at far-red and near-infrared (NIR) 
wavelength region. In addition, hollow metallic Al particles were also prepared via CAFS 
method by reacting trimethylamine aluminum hydride solution droplets with TiCl4 
vapor.255 The major difference between USP and CAFS is that in CAFS each liquid 
droplet acts as a single micro reactor that is capable of synthesis of thousands of 
nanoparticles while USP each liquid droplet leads to the formation of a single particle. 
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Figure 2.44. (A) TEM image of CdSe quantum dots obtained by chemical aerosol flow 
synthesis at 340 °C. Inset shows HRTEM of one of these particles. (B) 
Photoluminescence of CdSe quantum dots prepared by CAFS at 180 °C, 220 °C, 240 °C, 
260 °C, 280 °C, 300 °C, and 320 °C (from left to right) at toluene solution. Figure 
adapted from reference 253. 
 
2.6. Conclusions 
 In conclusion, the chemical and physical effects of ultrasound (including 
ultrasonic spray pyrolysis) have been extensively applied in materials synthesis. 
Ultrasonic irradiation of liquids provides a unique form for the interaction of energy and 
matter via acoustic cavitation. The extreme temperatures and pressure generated during 
bubble collapse account for the chemical and physical effects of high intensity 
ultrasound. Chemical reactions that utilize the chemical effects of high intensity 
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ultrasound proceed via different mechanisms for volatile or nonvolatile precursors. The 
physical effects of high intensity sound are now gaining more and more attention in 
materials synthesis and are able to provide mechanical energy to chemical reactions in 
solutions. With simple variations of reaction conditions and precursor compositions, a 
myriad of materials with controlled morphologies, structures, and compositions have 
been successfully prepared by application of high intensity ultrasound. 
 In ultrasonic spray pyrolysis, where ultrasound does not directly induce the 
chemical reactions between precursors in the solution, ultrasound serves to generate 
micro-sized droplets that contain precursors and act as individual microreactors. USP has 
been utilized as a synthetic tool to prepare various materials with different morphologies, 
structures, and compositions. With new chemistry and concepts are incorporated into the 
USP synthesis of materials, it is expected that USP will be further extended to achieve 
materials with new morphologies, architectures, and compositions that conventional 
methods are not able to make. 
 
2.7 References 
1. Suslick, K. S. Ultrasound: Its Chemical, Physical, and Biological Effects, Wiley-
VCH: New York, 1988. 
 
2. Suslick, K. S. Sonochemistry. Science 1990, 247, 1439-1445. 
 
3. Suslick, K. S.; Doktycz, S. J. Advances in Sonochemistry, Mason, T. J., Ed.; JAI 
Press: New York, 1990; Vol. 1, pp 197-230. 
 
4. Suslick, K. S.; Price, G. J. Applications of Ultrasound to Materials Chemistry. 
Annu. Rev. Mater. Sci. 1999, 29, 295-326. 
 
5. Suslick, K. S. Applications of Ultrasound to Materials Chemistry. MRS Bull. 
1995, 20, 29-34. 
 
108 
 
6. Bang, J. H.; Suslick, K. S. Applications of Ultrasound to the Synthesis of 
Nanostructured Materials. Adv. Mater. 2010, 22, 1039-1059. 
 
7. Luche, J. L.; Bianchi, C. Synthetic Organic Chemistry, Plenum, New York, 1998. 
 
8. Mason, T. J.; Lorimer, J. P. Applied Sonochemistry: The Uses of Power 
Ultrasound in Chemistry and Processing. Wiley-VCH, Weinheim, 2002. 
 
9. Robertson, V. J.; Baker, K. G.; A Review of Therapeutic Ultrasound: 
Effectiveness Studies. Physical Therapy 2001, 81, 1339-1350. 
 
10. Rumack, C. M.; Wilson, S. R.; Charboneau, J. W.; Levine, D. Diagnostic 
Ultrasound (4th edition). Mosby, Philadelphia, 2010. 
 
11. Atly, J.; Hoey, E.; Wolstenhulme, S.; Weston, M. Hodes, G. Practical 
Ultrasound: An Illustrated Guide. Royal Society of Medicine Press, London, 
2006. 
 
12. Mason, T. J.; Povey, M. J. W. Ultrasound in Food Processing. Thomson Science, 
New York, 1995. 
 
13. Suslick, K. S. The Chemical Effects of Ultrasound. Sci. Am. 1989, 260, 80-86. 
 
14. Blake, J. R.; Gibson, D. C. Cavitation Bubble near Boundaries. Annu. Rev. Fluid 
Mech. 1987, 19, 99-123. 
 
15. Pecha, R.; Gompf, B. Microimplosions: Cavitation Collapse and Shock Wave 
Emission on a Nanosecond Time Scale. Phys. Rev. Lett. 2000, 84, 1328-1330. 
 
16. Ohl, C.-D.; Kurz, T.; Geisler, R.; Lindau, O.; Lauterborn, W. Bubble Dynamics, 
Shock Waves and Sonoluminescence. Philos. Trans. R. Soc. London, Ser. A 1999, 
357, 269-294. 
 
17. Holzfuss, J.; Ruggeberg, M.; Billo, A. Shock Wave Emissions of a 
Sonoluminescing Bubble. Phys. Rev. Lett. 1998, 81, 5434-5437. 
 
18. Reisman, G. E.; Wang, Y. C.; Brennen, C. E. Observation of Shock Waves in 
Cloud Cavitation. J. Fluid Mech. 1998, 355, 255-283. 
 
19. Doktycz, S. J.; Suslick, K. S. Interparticle Collisions Driven by Ultrasound. 
Science 1990, 247, 1067-1069. 
 
20. Prozorov, T.; Prozorov, R.; Suslick, K. S. High-Velocity Interparticle Collisions 
Driven by Ultrasound. J. Am. Chem. Soc. 2004, 126, 13890-13891. 
 
109 
 
21. Suslick, K. S.; Flint, E. B.; Grinstaff, M. W.; Kemper, K. A. Sonoluminescence 
from Metal Carbonyls. J. Phys. Chem. 1993, 97, 3098-3099. 
 
22. McNamara, W. B., III; Didenko, Y. T.; Suslick, K. S. Sonoluminescence 
Temperatures During Multi-Bubble Cavitation. Nature 1999, 401, 772-775. 
 
23. McNamara, W. B., III; Didenko, Y. T.; Suslick, K. S. Pressure During 
Sonoluminescence. J. Phys. Chem. B 2003, 107, 7303-7306. 
 
24. Suslick, K. S.; Choe, S. B.; Cichowlas, A. A.; Grinstaff, M. W. Sonochemical 
Synthesis of Amorphous Iron. Nature 1991, 353, 414-416. 
 
25. Grinstaff, M. W.; Cichowlas, A. A.; Choe, S. B.; Suslick, K. S. Effect of 
Cavitation Conditions on Amorphous Metal Synthesis. Ultrasonics 1992, 30, 168-
172. 
 
26. Grinstaff, M. W.; Salamon, M. B.; Suslick, K. S. Magnetic Properties of 
Amorphous Iron. Phys. Rev. B 1993, 48, 269-273. 
 
27. Grinstaff, M. W.; Salamon, M. B.; Suslick, K. S. Neutron Diffraction by 
Amorphous Iron Powder. Phys. Rev. B 1993, 48, 15797-15800. 
 
28. Suslick, K. S.; Fang, M.; Hyeon, T. Sonochemical Synthesis of Iron Colloids. J. 
Am. Chem. Soc. 1996, 118, 11960-11961. 
 
29. Suslick, K. S.; Fang, M.; Hyeon, T.; Cichowlas, A. A. Nanostructured Fe-Co 
Catalysts Generated by Ultrasound. Molecularly Designed Nanostructured 
Materials, MRS Symp. Proc., ed. Gonsalves, K. E.; Chow, G. M.; Xiao, T. O.; 
Cammarata, R. C. 1994, 351, 443-448. 
 
30. Bellissent, R.; Galli, G.; Hyeon, T.; Magazu, S.; Majolino, D.; Migliardo, P.; 
Suslick, K. S. Structural Properties of Amorphous Bulk Fe, Co, and Fe-Co Binary 
Alloys. Phys. Scripta 1995, T57, 79-83. 
 
31. Suslick, K. S.; Hyeon, T.; Fang, M. Materials Generated by High Intensity 
Ultrasound. Chem. Mater. 1996, 8, 2172-2179. 
 
32. Bellissent, R.; Galli, G.; Hyeon, T.; Migliardo, P.; Parette, P.; Suslick, K. S. 
Magnetic And Structural Properties Of Amorphous Transition Metals And Alloys. 
J. Noncryst. Solids 1996, 205, 656-659. 
 
33. Shafi, K. V. P. M.; Gedanken, A.; Prozorov, R. Sonochemical Preparation and 
Characterization of Nanosized Amorphous Co-Ni Alloy Powders. J. Mater. 
Chem. 1998, 83, 769-773. 
 
110 
 
34. Shafi, K. V. P. M.; Gedanken, A.; Goldfarb, R. B.; Felner, I. Sonochemical 
Preparation of Nanosized Amorphous Fe-Ni Alloys. J. Appl. Phys. 1997, 81, 
6901-6905. 
 
35. Rutledge, R. D.; Morris, W. H.; Wellons, M. S.; Gai, Z.; Shen, J.; Bentley, J.; 
Wittig, J. E.; Lukehart, C. M. Formation of FePt Nanoparticles Having High 
Coercivity. J. Am. Chem. Soc. 2006, 128, 14210-14211. 
 
36. Mdleleni, M. M.; Hyeon, T.; Suslick, K. S. Sonochemical Synthesis of 
Nanostructured Molybdenum Sulfide. J. Am. Chem. Soc. 1998, 120, 6189-6190. 
 
37. Hyeon, T.; Fang, M.; Suslick, K. S. Nanostructured Molybdenum Carbide: 
Sonochemical Synthesis and Catalytic Properties. J. Am. Chem. Soc. 1996, 118, 
5492-5493. 
 
38. Oxley, J. D.; Mdleleni, M. M.; Suslick, K. S. Hydrodehalogenation with 
Sonochemically Prepared Mo2C and W2C. Catal. Today 2004, 88, 139-151. 
 
39. Koltypin, Y.; Cao, X.; Prozorov, R.; Balogh, J.; Kaptas, D.; Gedanken, A. 
Sonochemical Synthesis of Iron Nitride Nanoparticles. J. Mater. Chem. 1997, 7, 
2453-2456. 
 
40. Dhas, N. A.; Suslick, K. S. Sonochemical Preparation of Hollow Nanospheres and 
Hollow Nanocrystals. J. Am. Chem. Soc. 2005, 127, 2368-2369. 
 
41. Bang, J. H.; Suslick, K. S. Sonochemical Synthesis of Nanosized Hollow 
Hematite. J. Am. Chem. Soc. 2007, 129, 2242-2243. 
 
42. Du, N.; Zhang, H.; Chen, B. D.; Wu, J. B.; Ma, X. Y.; Liu, Z. H.; Zhang, Y. Q.; 
Yang, D. R.; Huang, X. H.; Tu, J. P. Porous Co3O4 Nanotubes Derived From 
Co4(CO)12 Clusters on Carbon Nanotube Templates: A Highly Efficient Material 
For Li-Battery Applications. Adv. Mater. 2007, 19, 4505-4509. 
 
43. Dantsin, G.; Suslick, K. S. Sonochemical Preparation of a Nanostructured 
Bifunctional Catalyst. J. Am. Chem. Soc. 2000, 122, 5214-5215. 
 
44. Dhas, N. A.; Ekhtiarzadeh, A.; Suslick, K. S. Sonochemical Preparation of 
Supported Hydrodesulfurization Catalysts. J. Am. Chem. Soc. 2001, 123, 8310-
8311. 
 
45. Jeong, S.-H.; Ko, J.-H.; Park, J.-B.; Park, W. A Sonochemical Route to Single-
Walled Carbon Nanotubes under Ambient Conditions. J. Am. Chem. Soc. 2004, 
126, 15982-15983. 
 
46. Sun, X. H.; Li, C. P.; Wong, N. B.; Lee, C. S.; Lee, S. T.; Teo, B. K. Templating 
Effect of Hydrogen-Passivated Silicon Nanowires in the Production of 
111 
 
Hydrocarbon Nanotubes and Nanoonions via Sonochemical Reactions with 
Common Organic Solvents under Ambient Conditions. J. Am. Chem. Soc. 2002, 
124, 14856-14857. 
 
47. Li, C. P.; Teo, B. K.; Sun, X. H.; Wong, N. B.; Lee, S. T. Hydrocarbon and 
Carbon Nanostructures Produced by Sonochemical Reactions of Organic Solvents 
on Hydrogen-Passivated Silicon Nanowires under Ambient Conditions. Chem. 
Mater. 2005, 17, 5780-5788. 
 
48. Riesz, P.; Kondo, T. Free Radical Formation Induced by Ultrasound and Its 
Biological Implications. Free Radical Bio. Med. 1992, 13, 247-270. 
 
49. Rosenthal, I.; Sostaric, J. Z.; Riesz, P. Sonodynamic Therapy-a Review of the 
Synergistic Effects of Drugs and Ultrasound. Ultrason. Sonochem. 2004, 11, 349-
363. 
 
50. Suslick, K. S.; Didenko, Y.; Fang, M. M.; Hyeon, T.; Kolbeck, K. J.; McNamara, 
W. B.; Mdleleni, M. M.; Wong, M. Acoustic Cavitation and Its Chemical 
Consequences. Phil. Tran. Roy. Soc. A 1999, 357, 335-353. 
 
51. Ciawi, E.; Rae, J.; Ashokkumar, M.; Grieser, F. Determination of Temperatures 
within Acoustically Generated Bubbles in Aqueous Solutions at Different 
Ultrasound Frequencies. J. Phys. Chem. B 2006, 110, 13656-13660. 
 
52. Park, J.; Joo, J.; Kwon, S. G.; Jang, Y.; Hyeon, T. Synthesis of Monodisperse 
Spherical Nanocrystals. Angew. Chem. Int. Ed. 2007, 46, 4630-4660. 
 
53. Xia, Y. N.; Xiong, Y. J.; Lim, B.; Skrabalak, S. E. Shape-controlled synthesis of 
metal nanocrystals: Simple chemistry meets complex physics? Angew. Chem. Int. 
Ed. 2009, 48, 60-103. 
 
54. Wilcoxon, J. P.; Abrams, B. L. Synthesis, Structure, and Properties of Metal 
Nanoclusters. Chem. Soc. Rev. 2006, 35, 1162-1194. 
 
55. Xia, Y.; Yang, P.; Sun, Y.; Wu, Y.; Mayers, B.; Gates, B.; Yin, Y.; Kim, F.; Yan, 
H. One-Dimensional Nanostructures: Synthesis, Characterization, and 
Applications. Adv. Mater. 2003, 15, 353-389. 
 
56. Cushing, B. L.; Kolesnichenko, V. L.; O'Connor, C. J. Recent Advances in the 
Liquid-Phase Synthesis of Inorganic Nanoparticles. Chem. Rev. 2004, 104, 3893-
3946. 
 
57. Dhas, N. A.; Raj, C. P.; Gedanken, A. Synthesis, Characterization, and Properties 
of Metallic Copper Nanoparticles. Chem. Mater. 1998, 10, 1446-1452. 
 
112 
 
58. Mizukoshi, Y.; Oshima, R.; Maeda, Y.; Nagata, Y. Preparation of Platinum 
Nanoparticles by Sonochemical Reduction of the Pt(II) Ion. Langmuir 1999, 15, 
2733-2737. 
 
59. Caruso, R. A.; Ashokkumar, M.; Grieser, F. Sonochemical Formation of Gold 
Sols. Langmuir 2002, 18, 7831-7836. 
 
60. Su, C. H.; Wu, P. L.; Yeh, C. S. Sonochemical Synthesis of Well-Dispersed Gold 
Nanoparticles at the Ice Temperature. J. Phys. Chem. B 2003, 107, 14240-14243. 
 
61. Okitsu, K.; Ashokkumar, M.; Grieser, F. Sonochemical Synthesis of Gold 
Nanoparticles: Effects of Ultrasound Frequency. J. Phys. Chem. B 2005, 109, 
20673-20675. 
 
62. Nemamcha, A.; Rehspringer, J. L.; Khatmi, D. Synthesis of Palladium 
Nanoparticles by Sonochemical Reduction of Palladium(II) Nitrate in Aqueous 
Solution. J. Phys. Chem. B 2006, 110, 383-387. 
 
63. Okitsu, K.; Bandow, H.; Maeda, Y.; Nagata, Y. Sonochemical Preparation of 
Ultrafine Palladium Particles. Chem. Mater. 1996, 8, 315-317. 
 
64. Grieser, F.; Hobson, R.; Sostaric, J.; Mulvaney, P. Sonochemical Reduction 
Processes in Aqueous Colloidal Systems. Ultrasonics 1996, 34, 547-550. 
 
65. Guo, W. L.; He, Y. H.; Ashokkumar, M.; Grieser, F. Sonochemical Synthesis of 
Single Crystal Pd Nanoparitles in Aqueous Solution. Mat. Res. Innovat. 2008, 12, 
52-54. 
 
66. Mizukoshi, Y.; Okitsu, K.; Maeda, Y.; Yamamoto, T. A.; Oshima, R.; Nagata, Y. 
Sonochemical Preparation of Bimetallic Nanoparticles of Gold/Palladium in 
Aqueous Solution. J. Phys. Chem. B 1997, 101, 7033-7037. 
 
67. Mizukoshi, Y.; Fujimoto, T.; Nagata, Y.; Oshima, R.; Maeda, Y. Characterization 
and Catalytic Activity of Core-Shell Structured Gold/Palladium Bimetallic 
Nanoparticles Synthesized by the Sonochemical Method. J. Phys. Chem. B 2000, 
104, 6028-6032. 
 
68. Anandan, S.; Grieser, F.; Ashokkumar, M. Sonochemical Synthesis of Au-Ag 
Core-Shell Bimetallic Nanoparticles. J. Phys. Chem. C 2008, 112, 15102-15105. 
 
69. Kan, C.; Cai, W.; Li, C.; Zhang, L.; Hofmeister, H. Ultrasonic Synthesis and 
Optical Properties of Au/Pd Bimetallic Nanoparticles in Ethylene Glycol. J. Phys. 
D: Appl. Phys. 2003, 36, 1609-1614. 
 
113 
 
70. Vinodgopal, K.; He, Y.; Ashokkumar, M.; Grieser, F. Sonochemically Prepared 
Platinum-Ruthenium Bimetallic Nanoparticles. J. Phys. Chem. B 2006, 110, 
3849-3852. 
 
71. Basnayake, R.; Li, Z.; Katar, S.; Zhou, W.; Rivera, H.; Smotkin, E. S.; Casadonte, 
D. J.; Korzeniewski, C. PtRu Nanoparticle Electrocatalyst with Bulk Alloy 
Properties Prepared through a Sonochemical Method. Langmuir 2006, 22, 10446-
10450. 
 
72. Okitsu, K.; Sharyo, K.; Nishimura, R. One-Pot Synthesis of Gold Nanorods by 
Ultrasonic Irradiation: The Effect of pH on the Shape of the Gold Nanorods and 
Nanoparticles. Langmuir. 2009, 25, 7786-7790. 
 
73. Sánchez-Iglesias, A.; Pastoriza-Santos, I.; Pérez-Juste, J.; Rodríguez-González, 
B.; García de Abajo, F. J.; Liz-Marzán, L. M. Synthesis and Optical Properties of 
Gold Nanodecahedra with Size Control. Adv. Mater. 2006, 18, 2529-2534. 
 
74. Pastoriza-Santos, I.; Sánchez-Iglesias, A.; García de Abajo, F. J.; Liz-Marzán, L. 
M. Environmental Optical Sensitivity of Gold Nanodecahedra. Adv. Funct. Mater. 
2007, 17, 1443-1450. 
 
75. Jiang, L. P.; Xu, S.; Zhu, J. M.; Zhang, J. R.; Zhu, J. J.; Chen, H. Y. Ultrasonic-
Assisted Synthesis of Monodisperse Single-Crystalline Silver Nanoplates and 
Gold Nanorings. Inorg. Chem. 2004, 43, 5877-5883. 
 
76. Zhu, Y.; Wang, X.; Guo, W.; Wang, J.; Wang, C. Sonochemical Synthesis of 
Silver Nanorods by Reduction of Silver Nitrate in Aqueous Solution. Ultrason. 
Sonochem. 2010, 17, 675-679. 
 
77. Zhu, J.; Qiu, Q.; Wang, H.; Zhang, J.; Zhu, J.; Chen, Z. Synthesis of Silver 
Nanowires by a Sonoelectrochemical Method. Inor. Chem. Commun. 2002, 5, 
242-244. 
 
78. Zhang, J.; Du, J.; Han, B.; Liu, Z.; Jiang, T.; Zhang, Z. Sonochemical Formation 
of Single-Crystalline Gold Nanobelts. Angew. Chem. Int. Ed. 2006, 45, 1116-
1119. 
 
79. Mayers, B. T.; Liu, K.; Sunderland, D.; Xia, Y. Sonochemical Synthesis of 
Trigonal Selenium Nanowires. Chem. Mater. 2003, 15, 3852-3858. 
 
80. Kumar, R. V.; Koltypin, Y.; Xu, X. N.; Yeshurun, Y.; Gedanken, A.; Felner, I. 
Fabrication of Magnetite Nanorods by Ultrasound Irradiation. J. Appl. Phys. 
2001, 89, 6324-6328. 
 
81. Jeevanandam, P.; Koltypin, Yu; Gedanken, A. Synthesis of Nanosized α-Nickel 
Hydroxide by a Sonochemical Method. Nano Lett. 2001, 1, 263-266. 
114 
 
82. Avivi, S.; Mastai, Y.; Hodes, G.; Gedanken, A. Sonochemical Hydrolysis of Ga3+ 
Ions: Synthesis of Scroll-like Cylindrical Nanoparticles of Gallium Oxide 
Hydroxide. J. Am. Chem. Soc. 1999, 121, 4196-4199. 
 
83. Avivi, S.; Mastai, Y.; Gedanken, A. Sonohydrolysis of In3+ Ions: Formation of 
Needlelike Particles of Indium Hydroxide. Chem. Mater. 2000, 12, 1229-1233. 
 
84. Zhu, Y.; Li, H.; Koltypin, Y.; Hacohen, Y. R.; Gedanken, A. Sonochemical 
Synthesis of Titania Whiskers and Nanotubes.  Chem. Commun. 2001, 2616-
2617. 
 
85. Shafi, K. V. P. M.; Felner, I.; Mastai, Y.; Gedanken, A. Olympic Ring Formation 
from Newly Prepared Barium Hexaferrite Nanoparticle Suspension. J. Phys. 
Chem. B 1999, 103, 3358-3360. 
 
86. Li, H.-l.; Zhu, Y.-c.; Chen, S.-g.; Palchik, O.; Xiong, J.-p.; Koltypin, Y.; Gofer, 
Y.; A., Gedanken. A Novel Ultrasound-Assisted Approach to the Synthesis of 
CdSe and CdS Nanoparticles. J. Solid State Chem. 2003, 172, 102-110. 
 
87. Zhou, S. M.; Feng, Y. S.; Zhang, L. D. Sonochemical Synthesis of Large-Scale 
Single Crystal CdS Nanorods. Mater. Lett. 2003, 57, 2936-2939. 
 
88. Zhou, S. M.; Feng, Y. S.; Zhang, L. D. Sonochemical Synthesis of Large-Scale 
Single-Crystal PbS Nanorods. J. Mater. Res. 2003, 18, 1188-1191. 
 
89. Uzcanga, I.; Bezverkhyy, I.; Afanasiev, P.; Scott, C.; Vrinat, M. Sonochemical 
Preparation of MoS2 in Aqueous Solution: Replication of the Cavitation Bubbles 
in an Inorganic Material Morphology. Chem. Mater. 2005, 17, 3575-3577. 
 
90. Wang, H.; Zhu, J. J.; Zhu, J. M.; Chen, H. Y. Sonochemical Method for the 
Preparation of Bismuth Sulfide Nanorods. J. Phys. Chem. B 2002, 106, 3848-
3854. 
 
91. Xie, Y.; Zheng, X.; Jiang, X.; Lu, J.; Zhu, L. Sonochemical Synthesis and 
Mechanistic Study of Copper Selenides Cu2-xSe, β-CuSe, and Cu3Se2. Inorg. 
Chem. 2002, 41, 387-392. 
 
92. Li, B.; Xie, Y.; Huang, J.; Liu, Y.; Qian, Y. Sonochemical Synthesis of 
Nanocrystalline Copper Tellurides Cu7Te4 and Cu4Te3 at Room Temperature. 
Chem. Mater. 2000, 12, 2614-2616. 
 
93. Li, H. L.; Zhu, Y. C.; Palchik, O.; Koltypin, Y.; Gedanken, A.; Palchik, V.; 
Slifkin, M.; Weiss, A. Sonochemical Preparation of GaSb Nanoparticles. Inorg. 
Chem. 2002, 41, 637-639. 
 
115 
 
94. Zhu, J. J.; Wang, H.; Xu, S.; Chen, H. Y. Sonochemical Method for the 
Preparation of Monodisperse Spherical and Rectangular Lead Selenide 
Nanoparticles. Langmuir 2002, 18, 3306-3310. 
 
95. Zhu, J. J.; Xu, S.; Wang, H.; Zhu, J. M.; Chen, H.-Y. Sonochemical Synthesis of 
CdSe Hollow Spherical Assemblies via an In-Situ Template Route. Adv. Mater. 
2003, 15, 156-159. 
 
96. Gao, T.; Wang, T. Sonochemical Synthesis of SnO2 Nanobelt/CdS Nanoparticle 
Core/Shell Heterostructures. Chem. Commun. 2004, 2558-2559. 
 
97. Gao, T.; Li, Q.; Wang, T. Sonochemical Synthesis, Optical Properties, and 
Electrical Properties of Core/Shell-Type ZnO Nanorod/CdS Nanoparticle 
Composites. Chem. Mater. 2005, 17, 887-892. 
 
98. Yin, J.; Qian, X.; Yin, J.; Shi, M.; Zhou, G. Preparation of ZnS/PS microspheres 
and ZnS hollow shells. Mater. Lett. 2003, 57, 3859-3863. 
 
99. Wang, J.; Loh, K. P.; Zhong, Y. L.; Lin, M.; Ding, J.; Foo, Y. L. Bifunctional 
FePt Core-Shell and Hollow Spheres: Sonochemical Preparation and Self-
Assembly. Chem. Mater. 2007, 19, 2566-2572. 
 
100. Pol, V. G.; Gedanken, A.; Calderon-Moreno, J. Deposition of Gold Nanoparticles 
on Silica Spheres: A Sonochemical Approach. Chem. Mater. 2003, 15, 1111-
1118. 
 
101. Pol, V. G.; Motiei, M.; Gedanken, A.; Calderon-Moreno, J.; Mastai, Y. 
Sonochemical Deposition of Air-Stable Iron Nanoparticles on Monodispersed 
Carbon Spherules. Chem. Mater. 2003, 15, 1378-1384. 
 
102. Pol, V. G.; Grisaru, H.; Gedanken, A. Coating Noble Metal Nanocrystals (Ag, 
Au, Pd, and Pt) on Polystyrene Spheres via Ultrasound Irradiation. Langmuir 
2005, 21, 3635-3640. 
 
103. Vinodgopal, K.; Neppolian, B.; Lightcap, I. V.; Grieser, F.; Ashokkumar, M.; 
Kamat, P. V. Sonolytic Design of Graphene−Au Nanocomposites. Simultaneous 
and Sequential Reduction of Graphene Oxide and Au(III). J. Phys. Chem. Lett. 
2010, 1, 1987-1993. 
 
104. Price, G. J.; Daw, M. R.; Newcombe, N. J.; Smith, P. F. Polymerization and 
Copolymerization Using High Intensity Ultrasound. Br. Polym. J. 1990, 23, 63-
66. 
 
105. Henglein, A. Die Buslosung und der Verlauf  der Polymerisation des Acrylamids 
unter dem EinfluB von Ultraschallwellen. Makromol. Chem. 1954, 14, 15-39. 
 
116 
 
106. Kruus, P.; Patraboy, T. J. Initiation of Polymerization with Ultrasound in Methyl 
Methacrylate. J. Phys. Chem. 1985, 89, 3379-3384. 
 
107. Price, G. J.; Norris, D. J.; West, P. J. Polymerization of Methyl Methacrylate 
Initiated by Ultrasound. Macromolecules 1992, 25, 6447-5454. 
 
108. Henglein, A.; Gutierrez, M. Sonolysis of Polymers in Aqueous Solution. New 
Observations on Pyrolysis and Mechanical Degradation. J. Phys. Chem. 1988, 92, 
3705-3707. 
 
109. Paulusse, J. M. J.; Sijbesma, R. P. Ultrasound in Polymer Chemistry: Revival of 
an Established Technique. J. Polym. Sci. Part A: Polym. Chem. 2006, 44, 5445-
5453. 
 
110. Flosdorf, E. W.; Chambers, L. A. The Chemical Action of Audible Sound. J. Am. 
Chem. Soc. 1933, 55, 3051-3052. 
 
111. Gyorgi, A. S. Chemical and Biological Effects of Ultrasonic Radiation. Nature 
1933, 131, 278-280. 
 
112. Price, G. J.; Smith, P. F. Ultrasonic Degradation of Polymer Solutions-III. The 
Effect of Changing Solvent and Solution Concentration. Euro. Polym. J. 1993, 29, 
419-424.  
 
113. Price, G. J.; Smith, P. F. Ultrasonic Degradation of Polymer Solutions-II. The 
Effect of Temperature, Ultrasound Intensity and Dissolved Gases on Polystyrene 
in Toluene. Polymer 1993, 34, 4111-4117. 
 
114. Price, G. J.; West, P. J. Ultrasonic Production of Block Copolymers as in situ 
Compatibilizers for Polymer Mixtures. Polymer 1996, 37, 3975-3978. 
 
115. Suslick, K. S.; Grinstaff, M. W. Protein Microencapsulation of Nonaqueous 
Liquids. J. Am. Chem. Soc. 1990, 112, 7807-7809. 
 
116. Grinstaff, M. W.; Suslick, K. S. Air-Filled Proteinaceous Microbubbles: Synthesis 
of an Echo-Contrast Agent. Proc. Natl. Acad. Sci. U.S.A. 1991, 88, 7708-7710. 
 
117. Liu, K. J.; Grinstaff, M. W.; Jiang, J.; Suslick, K. S.; Swartz, H. M.; Wang, W. In 
Vivo Measurement of Oxygen Concentration Using Sonochemically Synthesized 
Microspheres. Biophys. J. 1994, 67, 896-901. 
 
118. Suslick, K. S.; Grinstaff, M. W.; Kolbeck, K. J.; Wong, M. Characterization of 
Sonochemically Prepared Proteinaceous Microcapsules. Ultrason. Sonochem. 
1994, 1, S65-S68. 
 
117 
 
119. Webb, A. G.; Wong, M.; Kolbeck, K. J.; Magin, R. L.; Wilmes, L. J.; Suslick, K. 
S. Sonochemically Produced Fluorocarbon Microspheres: A New Class of MRI 
Contrast Agents. J. Magn. Reson. Imaging 1996, 6, 675-683. 
 
120. Eckburg, J. J.; Chato, J. C.; Liu, K. J.; Grinstaff, M. W.; Swartz, H. M.; Suslick, 
K. S.; Auteri, F. P. Biological Temperature Measurements using Electron 
Paramagnetic Resonance Spectroscopy. J. Biomech. Eng. 1996, 118, 193-200. 
 
121. Toublan, F. J.-J.; Boppart, S.; Suslick, K. S. Tumor Targeting by Surface-
Modified Protein Microspheres. J. Am. Chem. Soc. 2006, 128, 3472-3473. 
 
122. Dibbern, E. M.; Toublan, F. J.-J.; Suslick, K. S. Formation and Characterization 
of Polyglutamate Core-Shell Microspheres. J. Am. Chem. Soc. 2006, 128, 6540-
6541. 
 
123. Dresselhaus, M. S.; Dresselhaus, G. Intercalation Compounds of Graphite. Adv. in 
Phys. 1981, 30, 139-326. 
 
124. Jones, J. E.; Cheshire, M. C.; Casadonte, D. J. Phifer, C. C.  Facile Sonochemical 
Synthesis of Graphite Intercalation Compounds. Org. Lett. 2004, 6, 1915-1917. 
 
125. Walter, J.; Nishioka, M.; Hara, S. Ultrathin Platinum Nanoparticles Encapsulated 
in a Graphite Lattice Prepared by a Sonochemical Approach. Chem. Mater. 2001, 
13, 1828-1833. 
 
126. Viculis, L. M.; Mack, J. J.; Kaner, R. B. A Chemical Route to Carbon 
Nanoscrolls. Science 2003, 299, 1361-1361. 
 
127. Hummers, W. S.; Offeman, R. E. Preparation of Graphene Oxide. J. Am. Chem. 
Soc. 1958, 80, 1339-1340. 
 
128. Park, S.; Ruoff, R. S. Chemical Methods for the Production of Graphenes. Nature 
Nanotechnol. 2009, 4, 217-224. 
 
129. Hernandez, Y.; Nicolosi, V.; Lotya, M.; Blighe, F. M.; Sun, Z.; De, S.; 
McGovern, I. T.; Holland, B.; Byrne, M.; Gun'Ko, Y. K.; Boland, J. J.; Niraj, P.; 
Duesberg, G.;  Krishnamurthy, S.; Goodhue, R.; Hutchison, J.; Scardaci, V.; 
Ferrari, A. C.; Coleman, J. N. High-Yield Production of Graphene by Liquid-
Phase Exfoliation of Graphite. Nature Nanotechnol. 2008, 3, 563-568. 
 
130. Lotya, M.; Hernandez, Y.; King, P. J.; Smith, R. J.; Nicolosi, V.; Karlsson, L. S.; 
Blighe, F. M.; De, S.; Wang, Z.; McGovern, I. T.; Duesberg, G. S.; Coleman, J. 
N. Liquid Phase Production of Graphene by Exfoliation of Graphite in 
Surfactant/Water Solutions. J. Am. Chem. Soc. 2009, 131, 3611-3620. 
 
118 
 
131. Coleman, J. N.Liquid-Phase Exfoliation of Nanotubes and Graphene. Adv. Funct. 
Mater. 2009, 19, 3680-3695. 
 
132. Bourlinos, A. B.; Georgakilas, V.; Zboril, R.; Steriotis, T. A.; Stubos, A. K. 
Liquid-Phase Exfoliation of Graphite Towards Solubilized Graphenes. Small 
2009, 5, 1841-1845. 
 
133. Wang, X.; Fulvio, P. F.; Baker, G. A.; Veith, G. M.; Unocic, R. R.; Mahurin, S. 
M.; Chi, M.; Dai, S. Direct Exfoliation of Natural Graphite into Micrometer Size 
Few Layers Graphene Sheets Using Ionic Liquids. Chem. Commun. 2010, 46, 
4487-4489. 
 
134. Liao, K.; Ding, W.; Zhao, B.; Li, Z.; Song, F.; Qin, Y.; Chen, T.; Wan, J.; Han, 
M.; Wang, G.; Zhou, J. High-Power Splitting of Expanded Graphite to Produce 
Few-layer Graphene Sheets. Carbon, 2011, 49, 2862-2868. 
 
135. Coleman1, J. N.; Lotya, M.; O’Neill, A.; Bergin, S. D.; King, P. J.; Khan, U.; 
Young, K.; Gaucher, A.; De, S.; Smith, R. J.; Shvets, I. V.; Arora, S. K.; Stanton, 
G.; Kim, H. Y.; Lee, K.; Kim, G. T.; Duesberg, G. S.; Hallam, T.; Boland, J. J.; 
Wang, J. J.; Donegan, J. F.; Grunlan, J. C.; Moriarty, G.; Shmeliov, A.; Nicholls, 
R. J.; Perkins, J. M.; Grieveson, E. M.; Theuwissen, K.; McComb, D. W.; Nellist, 
P. D.; Nicolosi, V. Two-Dimensional Nanosheets Produced by Liquid Exfoliation 
of Layered Materials. Science 2011, 331, 568-571. 
 
136. Prozorov, T.; McCarty, B.; Cai, Z.; Prozorov, R.; Suslick, K. S. Effects of High 
Intensity Ultrasound on the Bi2Sr2CaCu2O8+x Superconductor. Appl. Phys. Lett. 
2004, 85, 3513-3515. 
 
137. Xiong, H. M.; Shchukin, D. G.; Mohwald, H.;  Xu, Y.; Xia, Y. Y. When 
Sonochemical Synthesis of Highly Luminescent Zinc Oxide Nanoparticles Doped 
with Magnesium (II). Angew. Chem. Int. Ed. 2009, 48, 2727-2731. 
 
138. Belova, V.; Borodina, T.; Mohwald, H.; Shchukin, D. G. The Effect of High 
Intensity Ultrasound on the Loading of Au Nanoparticles into Titanium Dioxide. 
Ultrason. Sonochem. 2011, 18, 310-317. 
 
139. Shchukin, D. G.; Skorb, E.; Belova, V.; Mohwald, H. Ultrasonic Cavitation at 
Solid Surfaces. Adv. Mater. 2011, 23, 1922-1934. 
 
140. Virot, M.; Chave, T.; Nikitenko, S. I.; Shchukin, D. G.; Zemb, T.; Mohwald, H. 
Acoustic Cavitation at the Water-Glass Interface. J. Phys. Chem. C 2010, 114, 
13083-13091. 
 
141. Microstructural Effects on the Resistance to cavitation Erosion of ZrO2 Ceramics 
in Water. Wear 2008, 265, 1680-1686. 
 
119 
 
142. Suslick, K. S.; Casadonte, D. J. Heterogeneous Sonocatalysis with Nickel 
Powder. J. Am. Chem. Soc.  1987, 109, 3459-3461. 
 
143. Suslick, K. S.; Doktycz, S. J. in Advances in Sonochemistry, Mason, T. J. (Ed.) 
Vol. 1, JAI Press,  New York, 1990, pp. 197-230. 
 
144. Suslick, K. S.; Doktycz, S. J. The Sonochemistry of Zinc Powder. J. Am. Chem. 
Soc. 1989, 111, 2342-2343. 
 
145. Suslick, K. S.; Doktycz, S. J. Ultrasonic Irradiation of Copper Powder. Chem. 
Mater. 1989, 1, 6-8. 
 
146. Andreeva, D. V.; Fix, D.; Mohwald, H.; Shchukin, D. G. Self-Healing 
Anticorrosion Coatings Based on pH-Sensitive Polyelectrolyte/Inhibitor 
Sandwichlike Nanostructures. Adv. Mater. 2008, 20, 2789-2794. 
 
147. Yu, J. C.; Yu, J.; Ho, W.; Zhang, L. Preparation of Highly Photocatalytic Active 
Nano-Sized TiO2 Particles via Ultrasonic Irradiation. Chem. Commun. 2001, 
1942-1943. 
 
148. Qian, D.; Jiang, J. Z.; Hansen, P. L. Preparation of ZnO Nanocrystals via 
Ultrasonic Irradiation. Chem. Commun. 2003, 1078-1079. 
 
149. Zhang, D.; Fu, H.; Shi, L.; Pan, C.; Li, Q.; Chu, Y.; Yu, W. Synthesis of CeO2 
Nanorods via Ultrasonication Assisted by Polyethylene Glycol. Inorg. Chem. 
2007, 46, 2446-2451. 
 
150. Krishnan, C. V.; Chen, J.; Burger, C.; Chu, B. Polymer-Assisted Growth of 
Molybdenum Oxide Whiskers via a Sonochemical Process. J. Phys. Chem. B 
2006, 110, 20182-20188. 
 
151. Mao, C.-J.; Pan, H.-C.; Wu, X.-C.; Zhu, J.-J.; Chen, H.-Y. Sonochemical Route 
for Self-Assembled V2O5 Bundles with Spindle-like Morphology and Their Novel 
Application in Serum Albumin Sensing. J. Phys. Chem. B 2006, 110, 14709-
14713. 
 
152. Dutta, D. P.; Sudarsan, V.; Srinivasu, P.; Vinu, A.; Tyagi, A. K. Indium Oxide 
and Europium/Dysprosium Doped Indium Oxide Nanoparticles: Sonochemical 
Synthesis, Characterization, and Photoluminescence Studies. J. Phys. Chem. C 
2008, 112, 6781-6785. 
 
153. Geng, J.; Zhu, J.-J.; Lu, D.-J.; Chen, H.-Y. Hollow PbWO4 Nanospindles via a 
Facile Sonochemical Route. Inorg. Chem. 2006, 45, 8403-8407. 
 
120 
 
154. Shchukin, D. G.; Mohwald, H. Sonochemical Nanosynthesis at the Engineered 
Interface of a Cavitation Microbubble. Phys. Chem. Chem. Phys. 2006, 8, 3496-
3506. 
 
155. Shchukin, D. G.; Kohler, K.; Mohwald, H.; Sukhorukov, G. B. Gas-Filled 
Polyelectrolyte Capsules. Angew. Chem. Int. Ed. 2005, 44, 3310-3314. 
 
156. Winterhalter, M.; Sonnen, A. F. P.; Stable Air Bubble-Catch Them If You Can! 
Angew. Chem. Int. Ed. 2006, 45, 2500-2502. 
 
157. Hickenboth, C. R.; Moore, J. S.; White, S. R.; Sottos, N. R.; Baudry, J.; Wilson, 
S. R. Biasing Reaction Pathways with Mechanical Force. Nature 2007, 446, 423-
427. 
 
158. Kryger, M. J.; Ong, M. T.; Odom, S. A.; Sottos, N. R.; White, S. R.; Martinez, T. 
J.; Moore. J. S. Masked Cyanoacrylates Unveiled by Mechanical Force. J. Am. 
Chem. Soc. 2010, 132, 4558-4559. 
 
159. Paulusse, J. M.; Sijbesma, R. P. Reversible Mechanochemistry of a Pd 
Coordination Polymer. Angew. Chem. Int. Ed. 2004, 43, 4460-4462. 
 
160. Berkowski, K. L.; Potisek, S. L.; Hickenboth, C. R.; Moore, J. S. Ultrasound-
Induced Site-Specific Cleavage of Azo-Functionalized Poly(ethylene glycol). 
Macromolecules 2005, 38, 8975-8978. 
 
161. Encina, M. V.; Lissi, E.; Sarasua, M.; Gargallo, L.; Radic, D. J. Ultrasonic 
Degradation of Polyvinylpyrrolidone. J. Polym. Sci. Polym. Lett. Ed. 1980, 18, 
757-760. 
 
162. Naota, T.; Koori, H. Molecules That Assemble by Sound: An Application to the 
Instant Gelation of Stable Organic Fluids. J. Am. Chem. Soc. 2005, 127, 9324-
9325. 
 
163. Wang, C.; Zhang, D.; Zhu, D. A Low-Molecular-Mass Gelator with an 
Electroactive Tetrathiafulvalene Group: Tuning the Gel Formation by Charge-
Transfer Interaction and Oxidation. J. Am. Chem. Soc. 2005, 127, 16372-16373. 
 
164. Wu, J.; Yi, T.; Shu, T.; Yu, M.; Zhou, Z.; Xu, M.; Zhou, Y.; Zhang, H.; Han, J.; 
Li, F. Ultrasound Switch and Thermal Self-Repair of Morphology and Surface 
Wettability in a Cholesterol-Based Self-Assembly System. Angew. Chem. Int. Ed. 
2008, 47, 1063-1067. 
 
165. Anderson, K. M.; Day, G. M.; Paterson, M. J.; Byrne, P.; Clake, N.; Steed, J. W. 
Structure Calculation of an Elastic Hydrogel from Sonication of Rigid Small 
Molecule Components. Angew. Chem. Int. Ed. 2008, 47, 1058-1062. 
 
121 
 
166. Liu, J.; He, P.; Yan, J.; Fang, X.; Peng, J.; Liu, K.; Fang., Y. An Organometallic 
Super-Gelator with Multiple-Stimulus Responsive Properties. Adv. Mater. 2008, 
20, 2508-2511. 
 
167. Isozaki, K.; Takaya, H.; Naota, T. Ultrasound-Induced Gelation of Organic Fluids 
with Metalated Peptides. Angew. Chem. Int. Ed. 2007, 46, 2855-2857. 
 
168. Paulusse, J. M. J.; Sijbesma, R. P. Molecule-Based Rheology Switching. Angew. 
Chem. Int. Ed. 2006, 45, 2334-2337. 
 
169. Bucar, D. K.; MacGillivray, L. R. Preparation and Reactivity of Nanocrystalline 
Cocrystals Formed via Sonocrystallization. J. Am. Chem. Soc. 2007, 129, 32-33. 
 
170. Ruecroft, G.; Hipkiss, D.; Ly, T.; Maxted, N.; Cains, P. W. Sonocrystallization: 
The Use of Ultrasound for Improved Industrial Crystallization. Org. Process Res. 
Dev. 2005, 9, 923-932. 
 
171. Castro, M. D. L.; Priego-Capote, F. Ultrasound-Assisted Crystallization 
(Sonocrystallization) Ultrason. Sonochem. 2007, 14, 717-724. 
 
172. Bund, P. K.; Pandit, A. B. Sonocrystallization: Effect on Lactose Recovery and 
Crystal Habit. Ultrason. Sonochem. 2007, 14, 143-152. 
 
173. Wang, S. F.; Gu, F.; Lu, M. K. Sonochemical Synthesis of Hollow PbS 
NanoSpheres. Langmuir 2006, 22, 398-401. 
 
174. Bradley, M.; Ashokkummar, M.; Grieser, F. Sonochemical Production of 
Fluorescent and Phosphorescent Latex Particles. J. Am. Chem. Soc. 2003, 125, 
525-529. 
 
175. Teo, B. M.; Chen, F.; Hatton, T. A.; Grieser, F.; Ashokkummar, M. Novel One-
Pot Synthesis of Magnetite Latex Nanoparticles by Ultrasound Irradiation. 
Langmuir 2009, 25, 2593-2595. 
 
176. Jung, S.-H.; Oh, E.; Lee, K.-H.; Park, W.; Jeong, S.-H. A Sonochemical Method 
for Fabricating Aligned ZnO Nanorods. Adv. Mater. 2007, 19, 749-753. 
 
177. Kodas, T. T.; Hampden-Smith, M. J. Aerosol Processing of Materials; Wiley-
VCH: New York, 1999. 
 
178. Messing, G. L.; Zhang, S.-C.; Jayanthi, G. V. Ceramic Powder Synthesis by 
Spray Pyrolysis. J. Am. Ceram. Soc. 1993, 76, 2707-2726. 
 
179. Patil, P. Versatility of chemical spray pyrolysis technique. Mater. Chem. Phys. 
1999, 59, 185-198. 
 
122 
 
180. Okuyama, K.; Lenggoro, W. Preparation of Nanoparticles via Spray Route. Chem. 
Eng. Sci. 2003, 58, 537-547. 
 
181. Wood, R. W.; Loomis, A. L. The Physical Effects of High-Frequency Sound 
Waves of Great Intensity. Phil. Mag. 1927, 7, 417-433. 
 
182. Suh, W. H.; Suslick, K. S. Magnetic and Porous Nanospheres from Ultrasonic 
Spray Pyrolysis. J. Am. Chem. Soc. 2005, 127, 12007-12010. 
 
183. Lang, R. J. Ultrasonic Atomization of Liquids. J. Acoustical Soc. 1962, 34, 6-9. 
 
184. Nasr, G. G.; Yule, A. J.; Bendig, L. Industrial Sprays and Atomization; Springer-
Verlag: London, 2002. 
 
185. Handbook of Electrostatic Processes; Chang, J. S.; Kelly, A. J.; Crowley, J. M., 
Eds.; Marcel Dekker, Inc. New Yrok, 1995; p. 768. 
 
186. Xia, B.; Lenggoro, I. W.; Okuyama, K. Preparation of Nickel Powders by Spray 
Pyrolysis of Nickel Formate. J. Am. Ceram. Soc. 2004, 84, 1425-1432. 
 
187. Xia, B.; Lenggoro, I. W.; Okuyama, K. Preparation of Ni Particles by Ultrasonic 
Spray Pyrolysis of NiCl2·6H2O Precursor Containing Ammonia. J. Mater. Sci. 
2001, 36, 1701-1705. 
 
188. Kieda, N.; Messing, G. L. Preparation of silver particles by Spray Pyrolysis of 
Silver-Diammine Complex Solutions. J. Mater. Res. 1998, 13, 1660-1665. 
 
189. Pluym, T.; Powell, Q.; Gurav, A.; Ward, T.; Kodas, T.; Wang, L.; Glicksman, H. 
Solid Silver Particle Production by Spray Pyrolysis. J. Aerosol Sci. 1993, 24, 383-
392. 
 
190. Majumdar, D.; Kodas, T. T.; Glicksman, H. D. Gold Particle Generation by Spray 
Pyrolysis. Adv. Mater. 1996, 8, 1020-1022. 
 
191. Gürmen, S.; Stopić, S.; Friedrich, B. Synthesis of Nanosized Spherical Cobalt 
Powder by Ultrasonic Spray Pyrolysis. Mater. Res. Bull. 2006, 41, 1882-1890. 
 
192. Zheng, R.; Guo, X.; Fu, H. One-Step, Template-Free Route to Silver Porous 
Hollow Spheres and Their Optical Property. Appl. Surf. Sci. 2011, 257, 2367-
2370. 
 
193. Iida, N.; Naito, H.; Ito, H.; Nakayama, K.; Lenggoro, I. W.; Okuyama, K. Spray 
Pyrolysis Synthesis and Evaluation of Fine Bimetallic Au-Pd Particles. J. Ceram. 
Soc. Jpn. 2004, 112, 405-408. 
 
123 
 
194. Kim, J. H.; Babushok, V. I.; Germer, T. A.; Mulholland, G. W.; Ehrman, S. H. 
Cosolvent-Assisted Spray Pyrolysis for the Generation of Metal Particles. J. 
Mater. Res. 2003, 18, 1614-1622. 
 
195. Kodera, T.; Myoujin, K.; Ogihara, T. Preparation and Characterization of 
Spherical Metal Particles by Spray Pyrolysis. Key Eng. Mater. 2010, 421-422, 
558-561. 
 
196. Noritaka, I.; Kazutaka, N.; Iw, L.; Kikuo, O. Preparation of Au/Ag Alloy Particles 
by Spray Pyrolysis and Its Applications. J. Soc. Powder Tech. Jpn. 2004, 41, 246-
251. 
 
197. Kim, J. H.; Germer, T. A.; Mulholland, G. W.; Ehrman, S. H. Size-Monodisperse 
Metal Nanoparticles via Hydrogen-Free Spray Pyrolysis. Adv. Mater. 2002, 14, 
518-521. 
 
198. Kim, J. H.; Babushok, V. I.; Germer, T. A.; Mulholland, G. W.; Ehrman, S. H. 
Cosolvent-Assisted Spray Pyrolysis for the Generation of Metal Particles. J. 
Mater. Res. 2003, 18, 1614-1622. 
 
199. Basak, S.; Rane, K. S.; Biswas, P. Hydrazine-Assisted, Low-Temperature Aerosol 
Pyrolysis Method to Synthesize γ-Fe2O3. Chem. Mater. 2008, 20, 4906-4914. 
 
200. Chou, S.-L.; Wang, J.-Z.; Wexler, D.; Konstantinov, K.; Zhong, C.; Liu, H.-K.; 
Dou, S.-X. High-Surface-Area α-Fe2O3/Carbon Nanocomposite: One-Step 
Synthesis and Its Highly Reversible and Enhanced High-Rate Lithium Storage 
Properties. J. Mater. Chem. 2010, 20, 2092. 
 
200. Kim, D.-H.; Kim, K.-N.; Kim, K.-M.; Shim, I.-B.; Lee, M.-H.; Lee, Y.-K. Tuning 
of Magnetite Nanoparticles to Hyperthermic Thermoseed by Controlled Spray 
Method. J. Mater. Sci. 2006, 41, 7279-7282. 
 
201. Xu, X.; Guo, J.; Wang, Y. A Novel Technique by the Citrate Pyrolysis for 
Preparation of Iron Oxide Nanoparticles. Mat. Sci. Eng. B 2000, 77, 207-209. 
 
202. Cabañas, M. V.; Vallet-Regí, M.; Labeau, M.; González-Calbet, J. M. Spherical 
Iron Oxide Particles Synthesized by an Aerosol Technique. J. Mater. Res. 1993, 
8, 2694-2701. 
 
203. Lee, J.-H.; Park, S.-J. Preparation of Spherical SnO2 Powders by Ultrasonic Spray 
Pyrolysis. J. Am. Ceram. Soc. 1993, 76, 777-780. 
 
204. Milosevic, O.; Jordovic, B.; Uskokovic, D. Preparation of Fine Spherical ZnO 
Powders by an Ultrasonic Spray Pyrolysis Method. Mater. Lett. 1994, 19, 165-
170. 
 
124 
 
205. Liu, T.-Q.; Sakurai, O.; Mizutani, N.; Kato, M. Preparation of Spherical Fine ZnO 
Particles by the Spray Pyrolysis Method Using Ultrasonic Atomization 
Techniques. J. Mater. Sci. 1986, 21, 3698-3702. 
 
206. Tani, T.; Mädler, L.; Pratsinis, S. E. Homogeneous ZnO Nanoparticles by Flame 
Spray Pyrolysis. J. Nanopart. Res. 2002, 4, 337-343. 
 
207. Murugavel, P.; Kalaiselvam, M.; Raju, A. R.; Rao, C. N. R. Sub-Micrometre 
Spherical Particles of TiO2, ZrO2 and PZT by Nebulized Spray Pyrolysis of 
Metal–Organic Precursors. J. Mater. Chem. 1997, 7, 1433-1438. 
 
208. Lee, J. H.; Cho, H. J.; Park, S. J. Preparation of Spherical Titania Particles by 
ultrasonic Spray Pyrolysis. Ceram. Trans. 1991, 22, 39-44. 
 
209. Ahonen, P. P.; Kauppinen, E. I.; Joubert, J. C.; Deschanvres, J. L.; Van Tendeloo, 
G. Preparation of Nanocrystalline Titania Powder via Aerosol Pyrolysis of 
Titanium Tetrabutoxide. J. Mater. Res. 1999, 14, 3938-3948. 
 
210. Xiong, Y.; Lyons, S. W.; Kodas, T. T.; Pratsinis, S. E. Volatile Metal Oxide 
Evaporation during Aerosol Decomposition. J. Am. Ceram. Soc. 1995, 78, 2490-
2496. 
 
211. Kim, D.; Ju, S.; Koo, H.; Hong, S.; Kang, Y. Synthesis of Nanosized Co3O4 
Particles by Spray Pyrolysis. J. Alloys Comp. 2006, 417, 254-258. 
 
212. Zhao, Z. W.; Konstantinov, K.; Yuan, L.; Liu, H. K.; Dou, S. X. In-Situ 
Fabrication of Nanostructured Cobalt Oxide Powders by Spray Pyrolysis 
Technique. J. Nanosci. Nanotechnol. 2004, 4, 861-866. 
 
213. Yu, H.-F.; Gadalla, A. M. Preparation of NiFe2O4 Powder by Spray Pyrolysis of 
Nitrate Aerosols in NH3. J. Mater. Res. 1996, 11, 663-670. 
 
214. Chiarello, G.; Grunwaldt, J.; Ferri, D.; Krumeich, F.; Oliva, C.; Forni, L.; Baiker, 
A. Flame-Synthesized LaCoO3-Supported Pd: 1. Structure, Thermal Stability and 
Reducibility. J. Catal. 2007, 252, 127-136. 
 
215. Chiarello, G.; Rossetti, I.; Forni, L.; Lopinto, P.; Migliavacca, G. Solvent Nature 
Effect in Preparation of Perovskites by Flame-Pyrolysis: 1. Carboxylic acids. 
Appl. Catal. B 2007, 72, 218-226. 
 
216. Chiarello, G.; Rossetti, I.; Forni, L. Flame-Spray Pyrolysis Preparation of 
Perovskites for Methane Catalytic Combustion. J. Catal. 2005, 236, 251-261. 
 
217. Huang, C. S.; Tao, C. S.; Lee, C. H. Nebulized Spray Deposition of Pb(Zr, Ti)O3 
Thin Films. J. Electrochem. Soc. 1997, 144, 3556-3561. 
 
125 
 
218. Nimmo, W.; Ali, N. J.; Brydson, R. M.; Calvert, C.; Hampartsoumian, E.; Hind, 
D.; Milne, S. J. Formation of Lead Zirconate Titanate Powders by Spray 
Pyrolysis. J. Am. Ceram. Soc. 2003, 86, 1474–1480. 
 
219. Nimmo, W.; Ali, N. J.; Brydson, R.; Calvert, C.; Milne, S. J. Particle Formation 
During Spray Pyrolysis of Lead Zirconate Titanate. J. Am. Ceram. Soc. 2005, 88, 
839-844. 
 
220. Laine, R. M.; Baranwal, R.; Hinklin, T.; Treadwell, D.; Sutorik, A. C.; Bickmore, 
C.; Waldner, K.; Neo, S. S. Making Nanosized Oxide Powders from Precursors 
by Flame Spray Pyrolysis. Key. Eng. Mater. 1998, 159-160, 17-24. 
 
221. Gonzalez-Oliver, C. J. R.; Kato, I. Sn(Sb)-Oxide Sol-Gel Coatings on Glass. J. 
Non-Crystal. Solids 1986, 82, 400-410. 
 
222. Vasu, V.; Subrahmanyam, A. Physical Properties of Sprayed SnO2 Films. Thin 
Solid Films 1991, 202, 283-288. 
 
223. Omura, K.; Veluchamy, P.; Tsuji, M.; Nishio, T.; Murozono, M. A Pyrosol 
Technique to Deposit Highly Transparent, Low-Resistance SnO2:F Thin Films 
from Dimethyltin Dichloride. J. Electrochem. Soc. 1999, 146, 2113. 
 
224. Varatharajan, K.; Dash, S.; Arunkumar, A.; Nithya, R.; Tyagi, A. K.; Raj, B. 
Synthesis of Nanocrystalline α–Al2O3 by Ultrasonic Spray Pyrolysis. Mater. Res. 
Bull. 2003, 38, 577-583. 
 
225. Pawar, S. K.; Pawar, S. H. Studies on Deposition of Fe2O3 Films by Spray 
Pyrolysis Method. Mater. Res. Bull. 1983, 18, 211-215. 
 
226. Chang, W. D.; Deng, M. C.; Chin, T. S. Magnetic Properties of Magnetite Films 
by Spray-Pyrolysis. J. Magn. Magn. Mater. 1994, 136, 158-162. 
 
227. Cumberbatch, T. J.; Barden, P. E.; Durrant, J. A  New Approach to the 
Fabrication of Cuprous Sulphide-Cadmium Sulphide Solar Cells. Thin Solid Films 
1988, 167, 169-174. 
 
228. Sardar, K.; Raju, A. R.; Bansal, B.; Venkataraman, V.; Rao, C. N. R. Magnetic, 
Optical and Transport  Properties of GaMnN Films. Solid State Commun. 2002, 
125, 55-57. 
 
229. Iskandar, F.; Lenggoro, I. W.; Xia, B.; Okuyama, K. Functional Nanostructured 
Silica Powders Derived from Colloidal Suspensions by Sol Spraying. J. 
Nanopart. Res. 2001, 3, 263-270. 
 
126 
 
230. Li, L.; Tsung, C.-K.; Yang, Z.; Stucky, G. D.; Sun, L. D.; Wang, J. F.; Yan, C. H. 
Rare-Earth-Doped Nanocrystalline Titania Microspheres Emitting Luminescence 
via Energy Transfer. Adv. Mater. 2008, 20, 903-908. 
 
231. Li, L.; Tsung, C.-K.; Ming, T.; Sun, Z.; Ni, W.; Shi, Q.; Stucky, G. D.; Wang, J. 
F.; Multifunctional Mesostructured Silica Microspheres from an Ultrasonic 
Aerosol Spray. Adv. Funct. Mater. 2008, 18, 2956-2962. 
 
232. Iskandar, F.; Okuyama, K. In Situ Production of Spherical Silica Particles 
Containing Self-Organized Mesopores. Nano Lett. 2001, 1, 231-234. 
 
233. Iskandar, F.; Okuyama, K. Controllability of Pore Size and Porosity on Self-
Organized Porous Silica Particles. Nano Lett. 2002, 2, 389-392. 
 
234. Lee, S. Y.; Gradon, L.; Janeczko, S.; Iskandar, F.; Okuyama, K. Formation of 
Highly Ordered Nanostructured by Drying Micrometer Colloidal Droplets. ACS 
Nano 2010, 4, 4717-4724. 
 
235. Suh, W. H.; Suslick, K. S. Magnetic and Porous Nanospheres from Ultrasonic 
Spray Pyrolysis. J. Am. Chem. Soc. 2005, 127, 12007-12010. 
 
236. Skrabalak, S. E.; Suslick, K. S. Porous MoS2 Synthesized by Ultrasonic Spray 
Pyrolysis. J. Am. Chem. Soc. 2005, 127, 9990-9991. 
 
237. Suh, W. H.; Jang, A. R.; Suh, Y.-H.; Suslick, K. S. Porous, Hollow, and Ball-in-
Ball Metal Oxide Microspheres: Preparation, Endocytosis, and Cytotoxicity. Adv. 
Mater. 2006, 18, 1832-1837. 
 
238. Bang, J. H.; Helmich, R. J.; Suslick, K. S. Nanostructured ZnS:Ni2+ 
Photocatalysts Prepared by Ultrasonic Spray Pyrolysis. Adv. Mater. 2008, 20, 
2599-2603. 
 
239. Kang, Y. C.; Park, S. B. A High-Volume Spray Aerosol Generator Producing 
Small Droplets for Low Pressure Applications. J. Aerosol Sci. 1995, 26, 1131-
1138. 
 
240. Lenggoro, I. W.; Itoh, Y.; Iida, N.; Okuyama, K. Control of Size and Morphology 
in NiO Particles Prepared by a Low-Pressure Spray Pyrolysis. Mater. Res. Bull. 
2003, 38, 1819-1827. 
 
241. Wang, W.-N.; Lenggoro, I. W.; Terashi, Y.; Wang, Y.-C.; Okuyama, K. Direct 
Synthesis of Barium Titanate Nanoparticles via a Low-Pressure Spray Pyrolysis 
Method. J. Mater. Res. 2005, 20, 2873-2882. 
 
242. Xia, B.; Lenggoro, W.; Okuyama, K. Novel Route to Nanoparticle Synthesis by 
Salt-Assisted Aerosol Decomposition. Adv. Mater. 2001, 13, 1579-1582. 
127 
 
243. Xia, B.; Lenggoro, I. W.; Okuyama, K. Synthesis of CeO2 Nanoparticles by Salt-
Assisted Ultrasonic Aerosol Decomposition. J. Mater. Chem. 2001, 11, 2925-
2927. 
 
244. Itoh, Y.; Lenggoro, I. W.; Okuyama, K.; Mädler, L.; Pratsinis, S. E. Size Tunable 
Synthesis of Highly Crystalline BaTiO3 Nanoparticles Using Salt-Assisted Spray 
Pyrolysis. J. Nanopart. Res. 2003, 5, 191-198. 
 
245. Panatarani, C.; Lenggoro, I. W.; Okuyama, K. Synthesis of Single Crystalline 
ZnO Nanoparticles by Salt-Assisted Spray Pyrolysis. J. Nanopart. Res. 2003, 5, 
47-53. 
 
246. Itoh, Y.; Abdullah, M.; Okuyama, K. Direct Preparation of Nonagglomerated 
Indium Tin Oxide Nanoparticles Using Various Spray Pyrolysis Methods. J. 
Mater. Res. 2004, 19, 1077-1086. 
 
247. Skrabalak, S. E.; Suslick, K. S. Porous Carbon Powders Prepared by Ultrasonic 
Spray Pyrolysis. J. Am. Chem. Soc. 2006, 128, 12642-12643. 
 
248. Skrabalak, S. E.; Suslick, K. S. Carbon Powders Prepared by Ultrasonic Spray 
Pyrolysis of Substituted Alkali Benzoates. J. Phys. Chem. C 2007, 111, 17807-
17811. 
 
249. Fortunato, M. E.; Rostam-Abadi, M.; Suslick, K. S. Nanostructured Carbons 
Prepared by Ultrasonic Spray Pyrolsysis. Chem. Mater. 2010, 22, 1610-1612. 
 
250. Mann, A. K. P.; Skrabalak, S. E. Synthesis of Single-Crystalline Nanoplates by 
Spray Pyrolysis: A Metathesis Route to Bi2WO6. Chem. Mater. 2011, 23, 1017-
1022. 
 
251. Vivekchand, S. R. C.; Gundiah, G.; Govindaraj, A.; Rao, C. N. R. A New Method 
for the Preparation of Metal Nanowires by the Nebulized Spray Pyrolysis of 
Precursors. Adv. Mater. 2004, 16, 1842-1845. 
 
252. Pingali, K. C.; Deng, S.; Rockstaw, D. A. Synthesis of Nanowires by Spray 
Pyrolysis. J. Sensors 2009, 2009, 683208. 
 
253. Didenko, Y. T.; Suslick, K. S. Chemical Aerosol Flow Synthesis of 
Semiconductor Nanoparticles. J. Am. Chem. Soc. 2005, 127, 12196-12197. 
 
254. Bang, J. H.; Suh, W. H.; Suslick, K. S. Quantum Dots from Chemical Aerosol 
Flow Synthesis: Preparation, Characterization, and Cellular Imaging. Chem. 
Mater. 2008, 20, 4033-4038. 
 
255. Helmich, R. J.; Suslick, K. S. Chemical Aerosol Flow Synthesis of Hollow 
Metallic Aluminum Particles. Chem. Mater. 2010, 22, 4835-4837. 
128 
 
 
CHAPTER 3 
METAL ATOM EMISSION AND SPATIAL STUDY 
IN MULTIBUBBLE SONOLUMINESCENCE 
 
 
3. 1 Introduction 
  Multibubble sonoluminescence (MBSL), the light emitted during the implosive 
collapse of clouds of bubbles in liquids irradiated with high-intensity ultrasound, is a 
consequence of acoustic cavitation: the formation, growth, and implosive collapse of gas 
bubbles under ultrasonic irradiation.1-3 It is a phenomenon that has been known for more 
than 70 years, dating back to the first report by Marinesco and Trillat, and Frenzel and 
Schultes in 1933 and 1934, respectively.4, 5 We have only recently been able to quantify 
the intra-cavity conditions created in the gas phase of the collapsing bubble. Our recent 
investigations with single-bubble sonoluminescence (SBSL) and MBSL in concentrated 
sulfuric acid(aq.) revealed that an optically opaque plasma core was generated in violently 
collapsing bubbles in both SBSL6 and MBSL,7
The origin of the unexpected emission from non-volatile species like alkali metal 
ions during MBSL, however, remains a central question in the mechanism of acoustic 
cavitation. It is generally thought that the emission of molecular and atomic species 
during acoustic cavitation is from the gas phase of the collapsing bubbles, which consists 
of vapor from the solution. As a matter of fact, emission from excited alkali metal atoms 
is very common during ultrasonic irradiation of aqueous solutions containing alkali metal 
salts.8, 9 While the emission of excited alkali metal atoms is a widely-observed 
phenomenon, the mechanism for the formation of the excited metal atoms (originally 
 with effective emission temperatures 
inside the collapsing bubbles approaching 20,000 K.  
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from the liquid region) and the site from which these emission lines are generated is still 
under debate. During MBSL, many bubbles will undergo non-spherical collapse and 
interact with neighboring bubbles. Liquid droplets, which are usually smaller than a gas 
bubble containing the nonvolatile species (i.e., alkali metal ions), will be entrained into 
the gas phase and subsequently pyrolyzed at the final stage of the bubble implosion, 
leading to the formation of excited radicals from the liquid or vapor molecules. The 
excited radicals can then initiate redox reactions within the confined space of a bubble 
and generate atomic emission lines. In addition to the droplet injection route, it has been 
proposed that a hot liquid shell might exist between the hot gas phase and the cold bulk 
liquid. The excited metal atoms may be produced through redox reactions between alkali 
metal ions in the heated shell with radicals generated in the gas phase that have diffused 
into the interfacial layer.10-12 A comparison of these two possible two-site models is 
shown in Figure 3.1. 
 
Figure 3.1. Two possible two-site models proposed to explain the formation of excited 
nonvolatile species during MBSL. Figure adapted from Xu, H. X. et al. Separation of 
Cavitating Bubble Populations: The Nanodroplet Injection Model. J. Am. Chem. Soc. 
2009, 131, 6060-6061. 
bulk
liquid
hot gas
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Much effort has been devoted to differentiating the two different explanations for 
the formation of excited nonvolatile species during acoustic cavitation.10, 13, 14 Theoretical 
calculations by Kamath et al indicate that the temperature of the interfacial region 
between the bulk liquid and the hot gas phase is essentially the same as the bulk liquid. 
No chemical reactions are expected to occur in this thin interfacial liquid layer.13 Matula 
et al also pointed out that the major route to emission from nonvolatile species is by 
droplet entrainment.15 Recently, spectroscopic characterization combined with bubble 
dynamics studies in SBSL in Na2SO4-H2SO4 indicates that excited metal atoms are only 
observable when metal ions are able to enter into the gas phase of the bubble (Figure 
3.2).16 The observation of excited alkali metal atoms only occurs when bubble motion  
 
Figure 3.2. SBSL spectra from a moving sonoluminescing bubble in a 74% H2SO4 
solution containing 1.0% Na2SO4 at different acoustic pressures. Only at high acoustic 
pressures (i.e., 5.2 bar and 5.4 bar) are we able to observe strong Na* emission at 590 
nm. Figure adapted from reference 16. 
131 
 
becomes chaotic enough to entrain liquid droplets in the bubble under high acoustic 
pressures. Direct experimental evidence in favor of one or the other model, however, has 
been difficult to obtain. The purpose of the work described in this chapter is to further 
explore how and where excited metal atoms are formed during MBSL. 
Early studies of sonoluminescence were exclusively conducted in water, where 
the MSBL spectra consist of a broad continuum emission with a weak emission band due 
to the formation of excited OH• radicals.17 The emission from OH radicals is too weak to 
be used as a spectroscopic probe to determine intra-cavity conditions.18 The emission 
from excited alkali metal atoms under high temperature and high pressure, however, has 
been extensively studied and the peak positions and spectral profiles are strongly 
dependent on the conditions under which the excited alkali metal atoms are generated.19-
25 Thus, attempts to exploit the dependence of line profiles from excited alkali metal 
atoms on the pressure and temperature of extreme conditions created during MBSL have 
been performed.9, 26, 27 The first experimental attempt to measure cavity temperatures and 
pressures was obtained from studies of the atomic emission derived from excited Na and 
K atoms produced during acoustic cavitation in aqueous alkali halide solutions.9 Both 
sodium and potassium emission lines observed from MBSL spectra are broadened and 
red shifted relative to the emission from a standard lamp. Figure 3.3 shows the broadened 
and red-shifted K doublet from MBSL in an Ar saturated KI solution.9 From the peak 
positions and profiles of the Na and K emission lines, they calculated an intra-cavity 
temperature of 3360 ± 330 K and a pressure of 313 ± 50 atm. This approach assumes that 
the adiabatic compression of the bubbles begins at 285 K and 1 atm. The initial 
temperature and pressure of the collapsing bubbles are unknown.13, 28 The method used to 
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determine the line widths and shifts was erroneous because of line asymmetry and 
insufficient instrument resolution. Strong light scattering from interacting bubbles was 
also ignored by their method. The application of excited alkali atomic emissions to 
determine the temperature and pressure, therefore, remains a challenge.29 
In addition to the emission lines from Na and K atoms, satellite bands to the blue 
of the resonance lines of Na and K have also been observed during ultrasonic irradiation 
of aqueous solutions containing alkali metal salts (Figure 3.4).27 These satellite bands are 
from alkali metal and noble gas van der Waals complexes or exciplexes formed when 
alkali-metal vapor is rapidly compressed under a noble gas atmosphere. The formation of 
exciplex bands together with the broadening and shift of the atomic emission lines 
indicates that the alkali metal emission occurs in the gas phase of the collapsing 
bubbles.16, 27 
 
Figure 3.3. High resolution K doublet observed from MBSL in Ar saturated KI solution. 
The K lines are broadened and red-shifted compared to a standard lamp. Figure adapted 
from reference 9. 
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Figure 3.4. (A) Rb emission spectrum obtained from a 2.0 M RbCl solution saturated 
with Ar under ultrasonic irradiation. (B) Na emission spectrum obtained from a 2.0 M 
NaCl solution saturated with Ar under ultrasonic irradiation. Figure adapted from 
reference 27. 
 
In this chaper, the results from a MBSL study of H3PO4 doped with alkali salts 
together with the effect of alkali salts on the intra-cavity temperatures during MBSL in 
H3PO4 solutions will be discussed. A significant component of this chapter is from the 
following paper: Xu, H.; Eddingsaas, N. C.; Suslick, K. S. Spatial Separation of 
Cavitating Bubble Populations: The Nanodroplet Injection Model. J. Am. Chem. Soc. 
2009, 131, 6060-6061. Finally, an experimental study of the spatial separation of 
cavitating bubbles from Na+-doped H2SO4 and H3PO4 to differentiate the two different 
two-site models will be presented.  
 
  
134 
 
3.2 Experimental Methods 
 The experimental setup is adapted from a previously reported procedure.30 
Ultrasonic irradiation was performed using a Sonics and Materials VCX 600 Vibra Cell 
at 20 kHz with a 1 cm diameter Ti horn immersed in 95% H2SO4 or 85% H3PO4 in a 
~100 mL quartz round bottom flask after sparging with Ar for a minimum of 2 hours at 
~298 K. The low resolution MBSL measurements were made with a 0.32-m 
monochromator equipped with a 300 gr/mm grating blazed at 250 nm and fitted with a 
1024 X 256 pixel LN2-cooled CCD camera. For spatial resolution experiments, a 10 cm 
black plastic rod drilled with a 1 mm hole down the center was mounted as a collimator 
to the front entrance of the spectrometer. Instead of using a quartz round bottom flask, a 
quartz cylindrical cell was used to minimize the light distortion from the glass. The rod 
was held close to the wall of the cylindrical cell with a 500 µm slit between it and the 
monochromator. High-resolution MBSL spectra were acquired with a 1200 gr/mm 
grating blazed at 330 nm for OH emission and 1200 gr/mm grating blazed at 750 nm for 
Na and K emission. The best-fit calculated spectra for simulated OH emission were 
generated by the LIFBASE program (v 2.0.60).31 For simulation of emission 
temperatures, the underlying continuum has been subtracted to and normalized at the 
highest intensity. All photographs used in this chaper were taken with a Pentax Super K 
100D camera.  
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3.3 Results and Discussion 
When nonvolatile metal ions like Li+, Na+, and K+ are present in an aqueous 
solution irradiated with high intensity ultrasound, emission from excited metal atoms can 
be observed. Figure 3.5 shows that after doping with Na3PO4, intense orange emission 
from electronically excited Na atoms can be observed by the naked eye. Figure 3.6 
demonstrates that after doping with different alkali metal salts, strong emission from 
different excited alkali metal atoms together with OH• and PO• emissions can be 
observed. From Figure 3.7A we can see that as the concentration of Na3PO4 increases, 
the relative intensity of Na* emission to the underlying continuum emission increases. 
The alkali-meta-noble-gas van der Waals exciplexes are also observed, as shown in 
Figure 3.7B. The observation of a Na•He exciplex suggests that the emitting Na* atoms 
are formed in the gas phase. The emission lines from excited Na and K atoms are 
significantly red-shifted and asymmetrically broadened to longer wavelengths compared 
to the emission lines from a low pressure lamp (Figure 3.8). This observation indicates 
that alkali metal atoms are emitting from a highly-compressed gas phase environment. 
The peak positions from helium atmosphere appear to be shifted less to the red relative to 
the Na emission lines under an argon atmosphere, suggesting that the Na atoms in helium 
bubbles are emitting from a lower pressure environment than those in argon bubbles 
(Figure 3.8B). In contrast, the line broadening under a helium atmosphere is much more 
significant than in an argon atmosphere. The difference in broadening might be due to 
more collisions between smaller helium atoms with metal atoms in a confined gas phase. 
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Figure 3.5. (A) Photograph of MBSL from 85% H3PO4 and (B) Photograph of MBSL 
from 85% H3PO4 with 0.1 M Na3PO4 saturated with He at an acoustic power of 25 
W/cm2. 
 
Figure 3.6. MBSL spectra from 85% H3PO4 with (A) 0.1 M Li3PO4, (B) 0.1 M Na3PO4, 
and (C) K3PO4 saturated with He at an acoustic power of 25 W/cm2. 
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Figure 3.7. (A) MBSL spectra from 85% H3PO4 doped with different weight percentages 
of Na3PO4 saturated with He at an acoustic power of 25 W/cm2. (B) Excited Na emission 
from 0.2 M Na3PO4 in 85% H3PO4 together with Na•He exciplex observed during 
MBSL. 
 
Figure 3.8. (A) High resolution spectra of the K* atom emission lines observed from 
MBSL in 85% H3PO4 with 0.1 M K3PO4 saturated with Ar and He respectively and 
compared to the emission lines from a Na•K hollow cathode lamp. (B) High resolution 
spectra of the Na* atom emission lines observed from MBSL in 85% H3PO4 with 0.1 M 
Na3PO4 saturated with Ar and He respectively and compared to the emission lines from a 
Na•K hollow cathode lamp. The underlying continuum has been subtracted and spectra 
are normalized to the maximum peak intensity. 
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Since we can observe bright light from MBSL in H3PO4 and strong OH (A2Σ+-
X2Π) emission, we are able to obtain the fine structure of OH (A2Σ+-X2Π) transitions, 
which can be used as a spectroscopic probe to quantify the intra-cavity temperatures 
when alkali metal salts are added into the solution.32, 33 The effective emission 
temperatures can be obtained by fitting the experimental spectrum with simulated 
emission spectra from the LIFBASE program, which is a database and spectral 
simulation program for diatomic molecules that has been extensively used to determine 
temperatures from excited diatomic molecules in flames and laser-induced 
fluorescence.31 Although different alkali metal salts are added into the solution, the 
measured effective emission temperatures are the same for all alkali metal salts. All three 
salts give an effective emission temperature of 9200 K, as determined from OH emission 
(Figure 3.9A). The intra-cavity temperature increased 1200 K compared to the measured 
cavitation temperature from H3PO4 without any salts under the same conditions (Figure 
3.9B). This phenomenon may be due to colligative properties, which will decrease the 
vapor pressure. If there is less water vapor inside the bubbles, it is certain that higher 
cavitation temperatures can be achieved: less energy is consumed by endothermic bond 
dissociations and polyatomic vibrations and rotations.34 
Emission from excited metal atoms can be observed if there are nonvolatile metal 
ions present in the solution under ultrasonic irradiation.8, 9, 16, 35-39 Nonvolatiles can also 
undergo sonochemical reactions. As mentioned in the introduction, there are two models 
proposed to explain how nonvolatile species get heated and excited in a collapsing 
bubble: the shell model and the injected droplet model, as illustrated in Figure 3.1. In the 
shell model, the metal ions in the liquid phase are reduced and excited in the interfacial  
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Figure 3.9. (A) Higher resolution spectra of OH (A2Σ+-X2Π) emission from MBSL in 
85% H3PO4 with 0.1 M M3PO4 (M=Li, Na, and K) saturated with helium compared to the 
best-fit simulation spectrum at 9200 K assuming thermal equilibrium and a Lorentzian 
profile. (B) Higher resolution spectra of OH (A2Σ+-X2Π) emission from MBSL in 85% 
H3PO4 without alkali salts saturated with helium compared to the best-fit simulation 
spectrum at 9200 K assuming thermal equilibrium and a Lorentzian profile. The 
underlying continuum has been subtracted; the spectra were normalized at the highest 
intensity ~309 nm. The discrepancy at 320~340 nm is caused by the strong PO (B2Σ+-
X2Π) emission. Sonication was conducted at 20 kHz and 25 W/cm2 with a titanium horn 
at 298 K. 
 
region by radicals formed in and diffused from the gas phase. In the injected droplet 
model, interfacial instabilities due to liquid turbulence, bubble-bubble interactions, 
capillary surface waves, and microjet formation during bubble collapse will cause the 
nebulization of nanodroplets of liquid into the hot core of the collapsing bubble.13, 40-43 
Subsequent pyrolysis and reduction of nonvolatile metal ions leads to the observation of 
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excited metal atom emission. Unfortunately, there is no direct experimental evidence in 
favor of one model over the other so far. 
As shown in Figure 3.5, we can observe two different bubble clouds from MBSL 
in Na3PO4-doped H3PO4. This phenomenon is more straightforward from Na2SO4-doped 
H2SO4 solution. We can clearly observe two spatially separate types of MBSL from 95% 
H2SO4 with 0.1 M Na2SO4 (Figure 3.10A): (1) blue-white emission near the horn and (2) 
strong orange emission (from electronically excited Na* atom D lines) father away. 
There are three different light emitting regimes upon varying the acoustic intensity from 
MBSL in 95% H2SO4 as reported previously: filamentous (< 16 W/cm2), bulbous (16~24 
W/cm2) and cone shaped (> 24 W/cm2).30 Addition of Na2SO4 did not alter the shape of 
bubble cloud, as can be seen from Figure 3.10A. In all three different bubble dynamic 
regimes, we can clearly see that the orange emission from excited Na* atoms is spatially 
separated from the blue-white emission. In addition, at lower acoustic intensities with 
filamentous stage (Figure 3.10A, left), we can see that the orange emission is outside but 
surrounds the blue-white bubble cloud; at higher intensities, the blue-emission is well 
separated spatially from the orange emission. 
In addition to the visual observation, strong Na* emission at ~590 nm was 
confirmed from the ultrasonic irradiation of 0.1 M Na2SO4 95% sulfuric acid solutions 
(Figure 3.10B). Consistent with previous report, at low acoustic power (~14 W/cm2), Ar 
emission lines are also observed, which suggests a plasma core formed during bubble 
collapse. The observed strong Na* emission arises from the well-known D lines (3p to 3s) 
(Figure 3.11). In addition to the Na* emission, a relatively weak satellite band to the blue 
of the Na D lines is also observed and is  
141 
 
 
Figure 3.10. (A) Photographs (3 s exposure) of MBSL from 95% H2SO4 with 0.1 M 
Na2SO4 saturated with Ar at 298 K at different acoustic intensities. (B) MBSL spectra 
from 95% H2SO4 with 0.1 M Na2SO4 saturated with Ar at 298 K at different acoustic 
intensities. Spectra were normalized at 700 nm and offset for clarity. 
 
attributed to emission from the Na·Ar exciplex. Exciplex emission occurs when Na vapor 
is rapidly compressed in an Ar atmosphere44 and has also previously been observed 
during MBSL from aqueous alkali halide solutions and recently during SBSL from a 
Na2SO4 sulfuric acid solution.16 Observation of the exciplex emission suggests that the 
emitting Na* atoms are in the gas phase inside the bubble. 
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Figure 3.11. MBSL spectrum of Na* D lines (3p to 3s) from the cavitating bubble cloud 
in 95% H2SO4 with 0.1 M Na2SO4
 
 compared to spectral resolution of the 
monochromator for Na emission from a hollow Na•K cathode lamp. The pressure 
broadening and red-shift explain the apparent orange color (rather than yellow) of the 
Na* emission. 
It is interesting to observe the emission from Na* and Ar* simultaneously because 
there is a substantial difference in the excitation energies of the populated states of these 
atoms: the energies of the emitting states of Ar are over 13 eV above the ground state 
(1So), while the energies of the excited states of Na are only 2.1 eV above the ground 
state (2S1/2
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). The observation of two emitting species with dramatically different 
excitation energies indicates that the two emitting species may be formed either at 
different times during bubble implosion, at different spatial locations within the 
collapsing bubble, or from different bubbles altogether.  In addition, various types of 
collision-induced reactions like ionization, charge transfer, and recombination are likely 
to contribute to the observed spectra either directly or indirectly.  
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Given the substantial spatial resolution seen in Figure 3.10A of two very distinct 
sonoluminescing bubble clouds, we can measure the MBSL spectrum as a function of 
position within the bubble cloud. Figure 3.12 shows that at the top of the bubble cloud in 
the middle acoustic intensity regime, no Na* emission can be detected and the emission 
is strictly a broad continuum. While at the bottom of the bubble cloud, strong Na* 
emission is observed and the continuum is diminished tenfold in intensity. This spatial 
separation is not unique to the H2SO4-Na2SO4 system. We can observe the same 
phenomenon during MBSL from 0.1 M Na3PO4 in 85% H3PO4
 
 under either Ar or He 
(see Figure 3.13and 3.14).  
Figure 3.12. MBSL spectra taken at the top and bottom of the cavitating bubble cloud as 
shown in Figure 3.11A. Sonication was conducted in 95% H2SO4 with 0.1 M Na2SO4 
saturated with Ar at 298 K (19 W/cm2
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Figure 3.13. (A) Photograph of MBSL from 0.1 M Na3PO4 in 85% H3PO4 saturated with 
Ar at room temperature with 24 W/cm2 ultrasound at 20 kHz. (B) MBSL spectra taken at 
the top and bottom of the cavitating bubble cloud from 0.1 M Na3PO4 in 85% H3PO4 
saturated with Ar at room temperature, irradiated with 24 W/cm2 ultrasound at 20 kHz. 
 
Figure 3.14. (A) Photograph of MBSL from 0.1 M Na3PO4 in 85% H3PO4 saturated with 
He at room temperature with 24 W/cm2 ultrasound at 20 kHz. (B) MBSL spectra taken at 
the top and bottom of the cavitating bubble cloud from 0.1 M Na3PO4 in 85% H3PO4 
saturated with He at room temperature, irradiated with 24 W/cm2 ultrasound at 20 kHz. 
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The distinct spatially separated sonoluminescing bubble populations from the 
intense orange and blue-white emissions provide the first experimental evidence that 
favors for the injected droplet model over the heated shell model for the origin of 
nonvolatiles during cavitation. Because the Na* emission is derived from an initially 
liquid region (Na+ is obviously nonvolatile), if the heated shell model were correct, then a 
spatial separation of different sonoluminescence emitters ought not to occur. For the 
heated shell model, emission from nonvolatiles species should always be present 
whenever conditions are sufficient to give rise to sonoluminescence inside the collapsing 
bubble: even if interior conditions were so extreme as to lead to complete line broadening 
of the emission from nonvolatile species, somewhere in the interfacial region there 
should be a temperature gradient appropriate for Na* emission.  
Therefore, excited metal atom emission in MBSL is due to the injection of liquid 
droplets into the interior of bubbles via capillary wave action, microjetting or bubble 
coalescence due to the significantly deformed bubble collapse in the cavitation field.40-43 
Once the droplets containing Na+ enter the hot interior of the bubble, they evaporate and 
complex redox processes analogous to those in flames generate the Na atom excited 
states responsible for the MBSL. To further elucidate the difference between two bubble 
populations, we estimate bubble speed from the streak length of individual bubble 
emission from photographs with a known shutter speed (Figure 3.15). From the length of 
the streak, the speeds of bubbles are slowest near the horn due to inter-bubble Bjerknes 
forces or acoustic stationary waves. The velocity of blue-white emitting bubbles near the 
horn is estimated to be only ~4 mm/s. The sonoluminescing bubbles further from the 
horn that are orange in color due to Na* emission are determined to move at ~17 mm/s. 
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Figure 3.15. A typical photograph at 0.02 s exposure capturing the streaks from three 
bubbles moving in a cavitating cloud of the sort shown in Figure 3.11A from a 0.1 M 
Na2SO4 solution in 95% H2SO4 saturated with Ar at room temperature.  
 
3.4 Conclusions 
 In conclusion, strong emission from electronically excited alkali metal atoms has 
been observed from alkali metal doped H3PO4 and H2SO4 solutions under irradiation of 
high intensity ultrasound. Adding alkali metal salts affects the cavitation temperature that 
can be achieved during bubble collapse. In addition, a coherent explanation for 
sonochemistry and sonoluminescence involving nonvolatile species is now beginning to 
emerge.  In a single bubble scenario, only moving single bubbles under high acoustic 
pressures will undergo sufficient bubble deformation to entrain droplets into the bubble 
interior and only moving single bubbles give emission from nonvolatile species.7 In 
MBSL, there are two distinct bubble populations:  (1) bubbles near the horn surface that 
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are relatively stationary (probably due to inter-bubble Bjerknes forces), whose collapse is 
highly symmetric, which leads to a hotter core and only continuum emission, and (2) 
rapidly moving and interacting bubbles in streaming liquid flow outside of the dense 
clouds, whose collapse is much less symmetric and deformed from which emission from 
nonvolatiles becomes possible through the mechanism of droplet injection. Subsequent 
processes that cause the emission from nonvolatile species are analogous to those in 
flames. 
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CHAPTER 4 
MULTIBUBBLE SONOLUMINESCENCE IN PHOSPHORIC ACID: 
MOLECULAR EMISSION AND TEMPERATURE MEASUREMENTS 
 
 
4. 1 Introduction 
  When a liquid is irradiated with high intensity ultrasound, bubbles form, grow, 
and implosively collapse: a phenomenon called acoustic cavitation. Acoustic cavitation is 
the root cause of both chemical reactions (i.e., sonochemistry) and the emission of light 
(i.e., sonoluminescence, SL).1-10 It is generally agreed that both chemical reactions and 
the emission of light result from the intense compressional heating of gas and vapor 
inside the collapsing bubbles and the extreme intra-cavity conditions so created (i.e., 
extraordinarily high temperatures and pressures).4 There are two types of 
sonoluminescence based on the type of cavitation that produces the light: light emission 
from a cloud of cavitating bubbles (multibubble sonoluminescence, MBSL) and light 
emission from a single, acoustically levitated bubble oscillating around the pressure 
antinode in a standing sound field (single-bubble sonoluminescence, SBSL).4 MBSL is 
more closely related to sonochemistry, which has found important synthetic applications 
in both organic and materials chemistry.1-3, 8-10 Quantification of the conditions generated 
during MBSL can lead to a better understanding of sonochemistry with hopes to apply 
sonochemistry in a more controlled manner. Previous MBSL studies in aqueous and 
nonaqueous solution have revealed extreme intra-cavity conditions based on 
measurements from volatile species created during bubble collapse.11-14 Little is known, 
however, about the conditions of emission derived from nonvolatile species during 
MBSL, which is directly relevant to the observed sonochemistry of dissolved reactants. 
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Early studies of MBSL were almost exclusively conducted in water, where the 
MBSL spectra often consists of a broad continuum extending into the UV and an 
broadened peak around 310 nm from excited OH radicals (Figure 4.1).15, 16 Besides 
spectroscopic analyses, many correlational studies were performed on MBSL; for 
example, light intensity as a function of external parameters such as bulk liquid 
temperature, the nature of the gas, the frequency of applied ultrasound, and the power of 
the applied acoustic field.17-24 Sonoluminescence was determined to be dependent on the 
thermodynamic properties of the intracavity gas and vapor, indicating that compressional 
heating of the bubble contents limits the light emission and the chemical process should 
be considered during bubble collapse. MBSL in low vapor pressure liquids like long 
chain alkanes and silicone oils with volatile organometallic solutes provided rich 
information about the conditions generated inside the collapsing bubbles. A variety of 
molecular and atomic emissions have been observed and can be used as spectroscopic 
thermometers to quantify the conditions generated inside the collapsing bubbles. The 
Swan bands of C2 were first employed to probe the intra-cavity temperatures during 
bubble implosion in silicone oil (Figure 4.2).11 By doping water with organics, the hot 
spot conditions during multibubble cavitation can be measured to be ~4300 K, which is 
lower than that observed from silicone oil.13, 14 The emission temperature difference in 
silicone oil and water can be explained by the higher vapor pressure of water (6.6 torr) 
compared to silicone oil (<0.01 torr). Irradiation of solutions of volatile metal carbonyls 
in n-alkanes or silicone oil with high intensity ultrasound results in homolytic cleavage of 
the relatively weak metal-carbon bond, generating excited free metal atoms. Electronic 
excitation and subsequent radiative relaxation of the metal atoms leads to the observation 
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of intense and well-resolved metal atom emissions in the MBSL spectra. The intensities 
of different emission peaks depend on the bubble temperatures. Therefore, the relative 
ratios of metal atom emission lines can be used to determine the effective emission 
temperatures during MBSL.12, 17 Figure 4.3 shows the emission of a solution of Cr(CO)6 
dissolved in silicone oil saturated with Ar.12 With this method, the effective emission 
temperature was measured to be 4700 ± 300 K. Using the same spectroscopic approach, 
other metal carbonyls also revealed cavitation temperatures of ~5000 K: Fe gave 5100 ± 
300 K and Mo gave 4800 ± 400 K. MBSL temperatures measured in this way agree well 
with the emission temperature determined by simulating C2 bands and kinetic 
measurements.25 Other nonspectroscopic approaches like the methyl radical 
recombination (MRR) method, which can only measure the temperature at which 
sonochemistry is taking place (the sonoluminescence region in the bubble can decompose 
the radicals), have also been developed to measure the temperatures of cavitating 
bubbles.26, 27  
 
Figure 4.1. Multibubble sonoluminescence spectra saturated with (A) Helium and (B) 
Argon gas at 21 °C. Ultrasonic irradiation was performed at 337 kHz with 
calorimetrically calibrated acoustic power of 15.5 W. Figure adapted from reference 15. 
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Figure 4.2. Emission from the ∆υ=+1 manifold of the d3Πg – a3Πu transition (Swan band) 
of C2. Dotted line shows observed sonoluminescence from silicone oil 
(polydimethylsiloxane, Dow 200 series, 50 centistokes viscosity) under a continuous Ar 
sparge at 0 °C, vapor pressure ~0.01 torr. Boldface line shows the best-fit synthetic 
spectrum, with Tv=Tr=4900 K. Thin line shows the difference spectrum. The applied 
ultrasonic power from the horn is ~100 W/cm2. Underlying emission has been subtracted 
for clarity. Figure adapted from reference 11. 
 
The quantification of intracavity conditions during multibubble cavitation still 
attracts numerous interest and some unanswered questions still remain. Extensive 
emission lines and bands have been applied to quantify the intracavity conditions as 
mentioned above. No prior study, however, has reported simultaneous measurement of 
temperatures from two or more independent emitting species, which would permit one to 
155 
 
probe the homogeneity of the temperature profile generated in bubble clouds from spatial 
variance during acoustic cavitation. In addition, the production of low molecular weight 
 
Figure 4.3. (A) Simulated spectra of thermally equilibrated emission from excited Cr 
atoms. All spectra are normalized to the peak intensity at 424 nm. (B) Comparison of 
MBSL spectrum from a solution of Cr(CO)6 in silicone oil saturated with Ar gas with 
simulated Cr emission at 4700 K. The underlying continuum was subtracted for clarity. 
Figure adapted from reference 13. 
 
sonolysis products (e.g., H2, CH4, and C2H2) proved to be problematic during MBSL in 
organic liquids.28 These molecules can accumulate inside the collapsing bubbles and limit 
the maximum temperature that can be achieved. Recently, Ar emission was observed 
during MBSL in concentrated H2SO4(aq.) and a cavitation temperature of ~8000 K was 
determined, suggesting a plasma core was formed inside the collapsing bubbles (Figure 
4.4).29 In examining the MBSL from aqueous H3PO4 solutions, a liquid similar to 
H2SO4(aq.), we observe ultra-bright sonoluminescence and find strong molecular emission 
from both excited OH and PO radicals and have succeeded in using both emission species 
simultaneously as spectroscopic thermometers to probe the intra-cavity conditions. In this 
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chaper, the effects of experimental conditions like vapor pressure, acoustic power and 
dissolved noble gases on MBSL in H3PO4 will be discussed. Furthermore, for the first 
time, a dramatic temperature inhomogeneity dependent on the location within the bubble 
cloud is discovered, which is consistent with two distinct kinds of cavitating bubbles:  
those that collapse symmetrically and those that do not. A significant component of this 
chapter is from the following paper: Xu, H. X.; Glumac, N. G.; Suslick, K. S. 
Temperature Inhomogeneity during Multibubble Sonoluminescence. Angew. Chem. Int. 
Ed. 2010, 48, 1079-1082. 
 
Figure 4.4. Ar (4p – 4s manifold) emission from MBSL in 95 wt % H2SO4 saturated with 
Ar compared to the best fit synthetic spectrum, which yields an effective emission 
temperature of 8000 K. The synthetic spectra assumed thermal equilibration and a 
Lorentzian profile. Figure adapted from reference 29. 
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4.2 Experimental Methods 
 The experimental apparatus used here is similar to previous reports.29, 30 
Ultrasonic irradiation was performed using a Sonics and Materials VCX 600 Vibra Cell 
at 20 kHz with a 1 cm diameter Ti horn immersed in aqueous H3PO4 solutions with 
different concentrations in a ~100 mL quartz round bottom flask after sparging the 
thoroughly de-aerated liquid with the desired noble gas (He, Ne, Ar, Kr or Xe) at ~298 K. 
For concentrations lower than 85%, the solutions are made by diluting 85% H3PO4. The 
low-resolution MBSL measurements were made with a 0.32-m monochromator equipped 
with a 300 gr/mm grating blazed at 250 nm and fitted with a 1024 X 256 pixel LN2-
cooled CCD camera. High-resolution MBSL spectra were acquired with a 1200 gr/mm 
grating blazed at 330 nm. The best fit calculated spectra for OH emission simulations 
were generated by the LIFBASE program (v 2.0.60).31 For simulation of emission 
temperatures, the underlying continuum has been subtracted to and normalized at the 
highest intensity. The emission temperature of PO was determined using a similar 
approach with a modified LIFBASE program: the emission spectra of the β system of PO 
were modeled using an identical approach implemented in LIFBASE but using known 
spectroscopic constants and calculated Franck-Condon factors.32, 33  
 
4.3 Molecular Emission and Temperature Measurements during MBSL 
Ultrabright sonoluminescence from 85% H3PO4 saturated with different noble 
gases  can be observed by the naked eye, even in a well-lit room, as shown in Figure 4.5. 
MBSL in water and other nonaqueous liquids is very dim and not visible under room 
light. MBSL from 85% H3PO4 is much brighter than the light emitted during MBSL in 
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95% H2SO4.29 Figure 4.6 shows the photographs from MBSL in water, 85% H3PO4 and 
95% H2SO4. The MBSL of water is so weak as to be only barely visible. Because the 
light from a glowing cloud of sonoluminescing bubbles is diffuse, dynamic, and variable 
in size and number of cavitating bubbles, it is difficult to make precise comparisons of 
the total emissivity from one set of conditions to another. A semi-quantitative comparison 
can be made by examining the average luminosity of the glowing bubble cloud near the 
horn (using the histogram function in Photoshop CS3) from identical regions of each 
photograph.  The measured luminosities were 1 for water, 58 for sulfuric acid, and 89 for 
phosphoric acid.  Note that the photograph of MBSL in water was taken at a fivefold 
longer exposure time and more than twice the ultrasonic power; there is no detectable 
MBSL from water at 17 W/cm2. Thus, the overall emissivities of MBSL are <0.25% for 
water and 65% for sulfuric acid, relative to phosphoric acid (100%).  
Figure 4.7 shows MBSL spectra from different weight percentages of H3PO4 
saturated with Ar. The intensity of each spectrum was normalized at 700 nm so that all 
spectra would fit in one graph, and the spectra were offset for clarity. At relatively low 
concentrations, (65% and 70%) a prominent peak arising from OH (A2Σ+-X2Π) transition 
centered on 310 nm is observed.34, 35 As the concentration increases, the intensity of OH 
emission decreases relative to the continuum emission, and the emission peak gradually 
broadens out and become indistinguishable from the continuum emission. The excited 
OH radicals are formed either from the recombination of H and O atoms created during 
water vapor sonolysis or dissociation of H2O molecules during bubble collapse. At higher 
concentrations, fewer H2O molecules are present inside the bubbles. Higher intra-cavity 
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temperatures can therefore be achieved, which leads to dissociation of OH• under 
elevated cavitation temperatures. 
 
Figure 4.5. Photographs of ultrabright sonoluminescence from 85% H3PO4 saturated 
with He, Ne, Ar, Kr, and Xe. Different exposure times were used for each gas to optimize 
the images: He 20 s, Ne 10 s, Ar 0.5 s, Kr 0.25 s, Xe in dark 0.25 s, and Xe in room light 
0.17 s. Sonication was conducted at 20 kHz, 17 W/cm2, with a 1 cm2 Ti horn directly 
immersed in the solution at 298 K. 
 
Figure 4.6. Photographs of MBSL in (A) water at 40 W/cm2, 30 s exposure; (B) 95% 
sulfuric acid, 17 W/cm2 , 6 s exposure; (C) 85% phosphoric acid, 17 W/cm2 , 6 s 
exposure. All solutions were irradiated at 20 kHz with a 1 cm diameter titanium horn at 
298 K, sparged with Ar; for all photographs, the digital camera and sonication apparatus 
were positioned identically. 
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Figure 4.7. MBSL spectra from H3PO4 with different concentrations (as labeled) 
saturated with Ar. Sonication conducted at 20 kHz and 17 W/cm2 with a titanium horn at 
298 K. Spectra were normalized at 700 nm and offset for clarity. 
 
The origin of the MBSL from 85% H3PO4 emission also depends on the dissolved 
noble gases as seen in Figure 4.8. Under He and Ne, the MBSL spectra contain strong 
molecular emissions from excited OH• (A2Σ+-X2Π) and the PO• β system (B2Σ+-X2Π), 
with bands at 310 nm and 325 nm respectively.34 Under He, the strong emission from 
PO• γ system (A2Σ+-X2Π), which is frequently seen in flames containing phosphorus, can 
also be observed (Figure 4.9). No obvious molecular emission bands can be observed 
from H3PO4 saturated with Ar, Kr, and Xe, only a broad continuum emission extending 
into the UV. The broadening of the molecular emission is consistent with expected 
dissociation of the OH• and PO• radicals at higher cavitation temperatures with heavier 
inert gases (arising from decreased thermal conductivity). 
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Figure 4.8. MBSL spectra from 85% H3PO4 sparged with different noble gases (as 
labeled) and irradiated with ultrasound at 20 kHz and 17 W/cm2 with a titanium horn at 
298 K. Spectra were normalized at 700 nm and offset for clarity. 
 
Figure 4.9. The observed emission from PO• γ system (A2Σ+-X2Π) during MBSL  
(17 W/cm2, 20 kHz) in 85% H3PO4 saturated with helium at 298 K. 
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With bright light from MBSL in H3PO4 and strong OH (A2Σ+-X2Π) emission, we 
are able to obtain the fine structure of the OH (A2Σ+-X2Π) transitions, which can be used 
to measure the effective emission temperatures by fitting experimental spectra with 
simulated emission spectra from the LIFBASE program, which is a database and spectral 
simulation program for diatomic molecules that has been extensively used to determine 
temperatures from excited diatomic molecules in flames and laser-induced 
fluorescence.31 For example, by fitting experimental spectra from MBSL in 85% H3PO4 
under helium with calculated spectra, an effective emission temperature of 9500 ± 300 K 
can be obtained (Figure 4.10). This temperature is significantly higher than that measured 
from water, which is expected because of the dramatic difference in the vapor pressure of 
water (24 torr) and 85% H3PO4 (2.4 torr): less compressional energy during bubble 
collapse is consumed by polyatomic vibrations, rotations, and endothermic bond 
dissociations.28  
Thanks to the bright and strong OH emission, for the first time, we are able to 
probe the intracavity temperatures from the most frequently observed emission species 
during MBSL. MBSL spectra from different weight percentages of H3PO4 can be 
collected and the emission temperatures can be determined (Figure 4.11) by fitting the 
experimental spectra with synthetic spectra. As the concentration of H3PO4 increases 
from 65% to 85%, the measured emission temperature increases from 6600 K to 9500 K. 
This is consistent with the decrease in vapor pressure inside the collapsing bubbles at 
higher concentrations. Since strong OH emission can be observed from 65% H3PO4 
saturated with different noble gases (Figure 4.12A), the emission temperatures from 65% 
H3PO4 saturated with different noble gases can also be measured. The observed emission 
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temperatures range from 6600 K for He up to 9000 K for Kr, consistent with prior MBSL 
experiments on the effects of noble gases on cavitation temperatures.17 
 
Figure 4.10. The simulated emission spectra at different temperatures compared to 
experimental spectrum from MBSL in H3PO4 under He, which yields an effective 
emission temperature of 9500 K. Sonication conducted at 20 kHz and 17 W/cm2 with a 
titanium horn at 298 K. Spectra are normalized at the highest intensity at ~309 nm. The 
simulated spectra assumed thermal equilibrium and a Lorentzian profile. 
 
As the applied acoustic powers change, there are large and abrupt changes in the 
bubble cloud dynamics and intensity as shown in Figure 4.13. There are four discrete 
stages of sonoluminescence emission as the acoustic power increases from low to high: 
(1) relatively dynamic filamentous emission at 8~17 W/cm2, (2) relatively stable bulbous 
emission at 19~24 W/cm2, (3) near horn surface emission at 30~35 W/cm2, (4) cone- 
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Figure 4.11. (A) MBSL spectra from different concentrations of H3PO4 sparged with He. 
Spectra were normalized at 700 nm and offset for clarity. (B) Higher resolution spectra of 
OH (A2Σ+-X2Π) emission compare to the best-fit simulation spectra assuming thermal 
equilibrium and a Lorentzian profile. Spectra were normalized at the highest intensity at 
~309 nm. Sonication conducted at 20 kHz and 17 W/cm2 with a titanium horn at 298 K. 
 
Figure 4.12. (A) MBSL spectra from 65% H3PO4 sparged with different noble gases. 
Spectra were normalized at 700 nm and offset for clarity. (B) Higher resolution spectra of 
OH (A2Σ+-X2Π) emission compared to the best-fit simulation spectra assuming thermal 
equilibrium and a Lorentzian profile. The underlying continuum has been subtracted; the 
spectra were normalized at the highest intensity at ~309 nm. Sonication was conducted at 
20 kHz and 17 W/cm2 with a titanium horn at 298 K. 
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shape emission at 40 W/cm2. The same phenomenon was also discovered in MBSL in 
concentrated H2SO4.29 These are new observations and there are no good explanations so 
far for the specific origin of these light emitting structures. It cannot be simply explained 
by the strong interactions between bubbles through Bjerknes forces but should also 
consider the shielding of bubbles from the sound field by other bubbles in the 
sonoluminescing bubble cloud. The configurations of transducer and/or the containers 
used for the solution also influence the formation of bubble clouds.36-42 While we can 
observe abrupt changes in the bubble dynamics from 85% H3PO4 saturated with Ar, the 
broadening of the OH emission peak makes it difficult to answer the question of whether 
the bubbles are getting hotter or cooler at high acoustic power. When 85% H3PO4 is 
saturated with He gas we can observe strong OH emission even at relatively high acoustic 
powers, and we can still observe the similar abrupt changes in bubble-cloud dynamics 
(Figure 4.14). We can therefore use the strong OH emission from 85% H3PO4 saturated 
with He to measure the emission temperatures under different acoustic powers. Figure 
4.15 shows the MBSL spectra of OH (A2Σ+-X2Π) transitions together with best-fit 
synthetic spectra. Surprisingly, the measured emission temperature decreases as the 
applied acoustic power increases. It is generally thought that as the acoustic power 
increases the bubble size can be larger, which will lead to more violent collapse, thus 
generating higher intra-cavity temperatures. At least, it is true for the temperatures 
measured from a single sonoluminescing bubble under different acoustic pressures.42 But 
as the bubble becomes larger, more water vapor diffuses into the bubble from the liquid 
during the bubble expansion phase, which will increase the number of polyatomic 
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molecules inside collapsing bubbles, thus limiting the maximum attainable temperature. 
In addition, with increased acoustic intensity, bubbles might undergo less spherical  
 
Figure 4.13. Photographs of MBSL from 85% H3PO4 saturated with Ar at different 
acoustic powers as labeled in the photograph (exposure time varies to get best results). 
Sonication conducted at 20 kHz with a titanium horn at 298 K. 
 
Figure 4.14. Photographs of MBSL from 85% H3PO4 saturated with He at different 
acoustic powers as labeled in the photograph (exposure time varies to get best results). 
Sonication conducted at 20 kHz with a titanium horn at 298 K. 
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collapse (which can result from strong interaction between bubbles, turbulence, and 
higher bubble density), which will also limit the temperature that can be achieved during 
bubble implosion. Most importantly, liquid droplets will be injected into the interior of 
less spherical collapsing bubbles under higher acoustic powers .30 The evaporation of 
liquid and dissociation of water vapor molecules will dramatically cool down the 
intracavity temperatures. 
 
Figure 4.15. MBSL spectra from 85% H3PO4 sparged with He at different acoustic 
powers (black line) with best-fit synthetic spectra (red line). The discrepancy at 320~340 
nm is caused by the strong PO (B2Σ+-X2Π) emission. The underlying continuum has been 
subtracted; the spectra were normalized at the highest intensity at ~309 nm. Sonication 
conducted at 20 kHz and 17 W/cm2 with a titanium horn at 298 K. 
 
4.4 Temperature Inhomogeneity during MBSL 
H3PO4 is a strongly hydrogen-bonded liquid; it has a relatively high viscosity and 
low vapor pressure (~2.4 torr for 85% H3PO4) compared to water. Another unique feature 
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of H3PO4 is that only water molecules are present in the vapor phase; there are no acid 
molecules in the vapor over most concentrated H3PO4 even at high temperatures.43 Thus, 
in the gas phase of aqueous solutions of H3PO4, the only volatile component inside 
bubbles is water molecules; the phosphoric acid molecules can be considered as 
nonvolatile species (similar to alkali metal ions like Li+, Na+, and K+) during MBSL. 
As mentioned previously, the origin of the MBSL from 85% H3PO4 emission 
depends on the dissolved inert gas.  Under He or Ne, the MBSL spectra show strong 
molecular emission from OH (A2Σ+-X2Π) and the PO β system (B2Σ+-X2Π), with bands 
at 310 nm and 325 nm respectively. Excited OH radicals are also observed during MBSL 
in aqueous solutions, but the emission is too weak and too broad to be used for 
spectroscopic thermometry. In contrast, the MBSL in 85% H3PO4 under He shows very 
strong OH and PO emission and excellent resolution of the emission fine structure. With 
the aid of the OH emission, we have been able to quantify the intracavity conditions 
during MBSL in H3PO4 solutions upon varying acoustic powers, nature of noble gases, 
and vapor pressures. The β system of PO emission in the 320 to 340 nm wavelength 
range has been extensively studied. We can use an identical approach applied in 
LIFBASE to calculate PO emission spectra using known spectroscopic constants and 
calculated Franck-Condon factors.32, 33 The emission from excited PO radicals can also be 
used as a spectroscopic thermometer to probe the intracavity temperatures generated 
during MBSL containing PO emission. As shown in Figure 4.16A, we can see that the 
PO emission decreases rapidly below 320 nm and hence does not affect the accuracy of 
the measurement of OH emission. This permits us to use spectroscopic methods to 
measure emission temperatures from two independent emission species. Because the OH 
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emission tail at ~330 nm overlaps the PO emission band, we subtract the best-fit 
synthetic OH emission spectrum from the observed MBSL spectrum to obtain an accurate 
PO emission spectrum. By fitting the PO emission spectra (Figure 4.16C), the emission 
temperature of PO is determined to be 4000 ± 400 K, which is substantially lower than 
that measured from OH emission (9500 ± 300 K).  Similar results are also observed at 
higher acoustic intensity. The difference in measured temperatures as a function of 
acoustic intensity might reflect minor differences in the relative number of bubbles in two 
populations or less spherical collapse as discussed in the previous section. 
 
Figure 4.16. (A) Spectrum of OH (A2Σ+-X2Π) emission and PO (B2Σ+-X2Π) emission 
from MBSL in 85% H3PO4 saturated with He and irradiated with ultrasound compared to 
the best fit calculated spectra (red: calculated OH emission spectrum at 9500 K; blue: 
calculated PO emission spectrum at 4000 K). (B) Observed MBSL OH emission 
spectrum compared to calculate spectra at different temperatures. (C) Observed MBSL 
PO emission spectrum compared to calculated PO emission spectra at different 
temperatures. Sonication was conducted at 20 kHz and 17 W/cm2 with a Ti horn directly 
immersed in the solution at 298 K. The synthetic spectra assumed thermal equilibrium 
and a Lorentzian profile. The underlying continuum has been subtracted and spectra are 
normalized to the maximum intensity peak at ~309 nm. 
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Figure 4.17. (A) Spectrum of OH (A2Σ+-X2Π) emission and PO (B2Σ+-X2Π) emission 
from MBSL in 85% H3PO4 saturated with He and irradiated with ultrasound compared to 
the best fit calculated spectra (red: calculated OH emission spectrum at 8000 K; blue: 
calculated PO emission spectrum at 5000 K). (B) Observed MBSL OH emission 
spectrum compared to calculated spectra at different temperatures. (C) Observed MBSL 
PO emission spectrum compared to calculated PO emission spectra at different 
temperatures. Sonication was conducted at 20 kHz and 25 W/cm2 with a Ti horn directly 
immersed in the solution at 298 K. The synthetic spectra assumed thermal equilibrium 
and a Lorentzian profile. The underlying continuum has been subtracted and spectra are 
normalized to the maximum intensity peak at ~309 nm. 
 
It is very interesting to observe two dramatically different emission temperatures 
from two simultaneously emitted spectroscopic thermometers. The different MBSL 
temperatures from the two simultaneously-observed, independent molecular species look 
paradoxical because both OH and PO emissions are from the same cavitation event. The 
observed temperature inhomogeneity, however, can be explained by the two different 
cavitating bubble populations, as recently observed during MBSL in H2SO4 and H3PO4 
solutions doped with nonvolatile alkali salts.30, 44, 45  The two distinct cavitating bubble 
populations in H3PO4
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 can be categorized into: (1) relatively stationary bubbles whose 
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collapse is highly symmetric and spherical and (2) relatively rapidly moving bubbles 
whose collapse is much less spherical and involved injection of micro- or nano-sized 
liquid droplets into the gas phase of the collapsing bubbles. The OH emission comes 
dominantly from the relatively stationary cavitating bubbles with spherical collapse. In 
contrast, the PO radical, which is decomposed from H3PO4
This interpretation can be confirmed by the observation of spatial separation of 
the cavitating bubble populations during MBSL. As shown in Figure 4.18, there are two 
distinctly different bubble populations: OH emission appears both at the top and bottom 
of the cavitating bubble cloud, whereas PO emission is only observable at the bottom of 
the cloud. The emission of PO radicals comes from H3PO4 molecules and involves 
injection of liquid droplets into the interior of bubbles via capillary wave action, 
microjetting or bubble coalescence due to significant deformation during bubble collapse 
in the dense cloud of cavitating bubbles, as depicted in Figure 4.18B.30, 46-49 After the 
liquid droplets are injected into the interior gas phase of the collapsing bubble, a process 
analogous to the flames begins (e.g., solvent evaporates and decomposition of H3PO4 
molecules), which leads to the formation of excited PO radicals. Because both the 
evaporation of the liquid droplet and endothermic decomposition of H3PO4 and H2O 
molecules consume a large amount of cavitation energy, liquid droplets can significantly 
cool intracavity temperatures inside the cavitating bubbles. Thus the measured PO 
emission temperature represents the hot spot conditions generated inside 
nonsymmetrically collapsing bubbles that contain liquid droplets, while the measured OH 
 molecules, is analogous to 
the emission of alkali metal atoms in aqueous solution and represents the conditions 
present in cavitating bubbles with less spherical collapse.  
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emission temperature dominantly represents the more symmetric collapsing bubbles and 
is much higher than that determined from PO emission. It is likely that the spatial 
separation of the two bubble populations is caused by the pressure gradient propagated 
from the ultrasonic horn. Such separation might not be observable in a more uniform 
ultrasonic field. The observed temperature inhomogeneity can also be observed from 
other H3PO4 solutions. As shown in Figure 4.19, we can also observe two different 
emission temperatures from 80% H3PO4 based on OH emission and PO emission 
respectively. Due to the higher vapor pressure of 80% H3PO4, the observed emission 
temperatures are much lower than these observed in 85% H3PO4. 
 
Figure 4.18. (A) MBSL spectra taken at the top and bottom of the cavitating bubble 
cloud from 85% H3PO4 saturated with He. Sonication conducted at 20 kHz, 25 W/cm2, 
with 1 cm2
 
 Ti horn directly immersed in the solution at 298 K. (B) A schematic 
illustration of the non-symmetric collapse of a bubble that involves injections of liquid 
droplets into the interior of the collapsing bubble. 
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Figure 4.19. (A) Spectrum of OH (A2Σ+-X2Π) emission and PO (B2Σ+-X2Π) emission 
from MBSL in 80% H3PO4 saturated with He and irradiated with ultrasound compared to 
the best fit calculated spectra (red: calculated OH emission spectrum at 7400 K; blue: 
calculated PO emission spectrum at 3000 K). (B) Observed MBSL OH emission 
spectrum compared to calculate spectra at different temperatures. (C) Observed MBSL 
PO emission spectrum compared to calculated PO emission spectra at different 
temperatures. Sonication was conducted at 20 kHz and 17 W/cm2 with a Ti horn directly 
immersed in the solution at 298 K. The synthetic spectra assumed thermal equilibrium 
and a Lorentzian profile. The underlying continuum has been subtracted and spectra are 
normalized to the maximum intensity peak at ~309 nm. 
 
The dissociation energy of diatomic molecules provides an upper limit on the 
maximum temperature that can be measured via spectroscopic method: at a sufficiently 
high temperature, the emitting diatomic molecules would dissociate into atoms.25, 50 The 
dissociation energies of OH and PO are 428 kJ/mol and 595 kJ/mol, respectively.51 In 
flame spectroscopy, the temperature measured from OH emission can be up to 10000 K.  
Since the bond energy of PO radicals is larger than OH radicals, excited PO radicals 
dissociate at temperatures higher than 10000 K.50 In addition, excited PO radicals are 
frequently observed from very high temperature arcs, flames, and discharges containing 
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trace amounts of phosphorus. Thus, both OH and PO radicals will persist even under the 
extreme intracavity conditions that we observe and the emission temperatures measured 
from them are valid. 
 
4.5 Conclusions 
 It has been demonstrated that MBSL in H3PO4 provides rich molecular emission 
features and spectroscopic methods have become a formidable method of quantifying the 
intracavity conditions temperatures created during multibubble cavitation.4, 11-14, 29, 42 The 
effects of various experimental parameters (e.g., acoustic power, vapor pressure of 
solution, and noble gases) have been well examined and lead to controllable MBSL. Two 
independent molecular thermometers (OH and PO molecular emission) inside a 
cavitating cloud of bubbles during MBSL have been applied to quantify the temperature 
profile in a cavitating bubble cloud. Two distinct cavitating bubble populations are found 
during MBSL in H3PO4. Spatial separation is observed in MBSL emission spectra from 
(1) bubbles near the acoustic horn whose collapse is highly symmetric and (2) rapidly 
moving bubbles whose collapse is much less symmetric and involves injection of liquid 
droplets into the interior of the collapsing bubbles. The spectroscopic temperatures from 
OH emission come dominantly from very hot bubbles (~9500 K) that collapse near the 
ultrasonic horn whereas the PO emission comes from colder (~4000 K) bubbles that 
collapse from deformed bubbles associated with injection of liquid droplets far from the 
horn. 
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CHAPTER 5 
MOLECULAR EMISSION AND TEMPERATURE MEASUREMENTS FROM 
SINGLE-BUBBLE SONOLUMINESCENCE IN PHOSPHORIC ACID  
 
 
5. 1 Introduction 
Single-bubble sonoluminescence (SBSL), light emission from an isolated 
nonlinearly oscillating bubble in a standing acoustic field, is a phenomenon that arises 
from acoustic cavitation: the formation, growth, and implosive collapse of a gas bubble in 
a liquid.1-4 Although SBSL has been extensively studied for nearly 20 years, little 
definitive experimental information regarding the light emitting process is known. Light 
emission from SBSL usually reveals little about the physical conditions and chemical 
processes during bubble collapse because the typical SBSL spectrum is featureless. Since 
the first report of SBSL, the majority of SBSL studies have been conducted in partially 
degassed purified water. In fact, SBSL from pure water (Figure 5.1), the liquid used most 
often for SBSL experiments, displays a continuum whose intensity increases smoothly 
from the near-IR into the near-UV devoid of any lines or bands.5, 6 Later work with 
enhanced spectral resolution (1 nm FWHM vs. ≥10 nm FWHM) confirmed that SBSL 
spectra from water were featureless within the parameter space explored.7 The featureless 
continuum spectra has been interpreted as arising from a variety of possible processes, 
including blackbody radiation following the Planck’s law, radiative plasma processes 
(e.g., Bremsstrahlung and ion-electron recombination), and severe line broadening under 
extreme high temperature and pressure environments.8-18 Because all of the above 
processes generate a featureless emission continuum, determination and differentiation of 
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the specific mechanisms responsible for SBSL from water has proven difficult and been 
the subject of much debate. 
 
Figure 5.1. SBSL spectra from water with different noble gases or mixtures of noble 
gases and N2.  The water was partially regassed with 150 torr gases. Spectra were taken 
with a driven frequency of 33 kHz at 24 °C. Figure adapted from reference 5. 
 
It is desirable to observe lines and bands within SBSL spectra to elucidate the 
process at work during bubble implosion. The first molecular emission was observed 
from a single freely oscillating bubble in aprotic organic liquids like adiponitrile 
(NC(CH2)4CN) and dimethylsulfoxide ((CH3)2SO) with low vapor pressure and high 
heteroatom content.19 An increase in SBSL radiant power over that typically observed 
from water was found in some of the liquids studied. At relatively low acoustic pressure, 
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the SBSL spectra from adiponitrile contained emission from CN (B2Σ – X2Σ) (Figure 
5.2). As the acoustic pressure increased, the emission line disappeared and a featureless 
continuum similar to that observed in water remained (Figure 5.2). Interestingly, the 
molecular emission was only observable from a moving sonoluminescing bubble. 
Stationary bubbles only yielded featureless spectra (Figure 5.3). In addition, SBSL 
spectra of dimethylsulfoxide and adiponitrile at high acoustic pressures were quite flat 
across the entire bandwidth studied indicating that blackbody radiation was not 
responsible for the observed emission. Other than CN emission, emission from excited 
OH radicals was discovered in very dimly sonoluminescing bubbles (5 days were needed 
to acquire a spectrum for the dimmest bubble).20 In order to acquire SBSL spectra with 
OH emission from a very dimly luminescing bubble, a relatively large amount of noble 
gas (e.g., 150 torr Ar) was required. The presence of 150 torr noble gas in the bubble 
caused the bubble to jitter and move about the pressure antinode. The spatial movement 
of the bubble might lead to microdroplet injection into the interior of the gas bubble. 
Evaporation of water microdroplets followed by pyrolysis of water molecules resulted in 
the dissociation and formation of excitation OH radicals. This conclusion is the same as 
that observed from SBSL from moving bubbles in aprotic organic liquids. The difference 
between a moving bubble and stationary bubble lies in the sphericity and severity of the 
bubble collapse and the effect this has on the bubble content. The observation of 
molecular emission from SBSL is exciting. It demonstrates that chemical reactions exist 
during SBSL and sonolysis products contribute to the emission lines and bands. The low 
signal to noise ratio and dim light observed, however, limited the utility of the SBSL 
spectra for quantitative analysis. It is still a challenge, therefore, to derive the effective 
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Figure 5.2. (A) Moving SBSL spectra from adiponitrile as a function of acoustic 
pressure. Acoustic pressure increases from bottom to top, from 1.7 bar to 1.9 bar. The 
emission peak at 380 nm arises from CN (B2Σ – X2Σ). (B) SBSL spectra from a 
stationary and moving bubble in methylformamide at an acoustic pressure of ~1.1 bar. 
Figure adapted from reference 19. 
 
Figure 5.3. SBSL spectra from pure water regassed with 150 torr Ar under different 
acoustic pressures at 25 °C. The acquisition time for the dimmest bubble was 5 days 
while for the brightest bubble was 100 min. Figure adapted from reference 20. 
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temperatures and pressures or to describe process during bubble collapse and the 
mechanisms ultimately responsible for the light emission. 
Aprotic organic liquids with low vapor pressure still suffer from the 
decomposition of organic vapor inside the cavitating bubbles, which lowers the efficacy 
of cavitation and limits the final effective temperatures that can be achieved. 
Concentrated aqueous H2SO4 solutions also have low vapor pressure (e.g., 40 mtorr for 
85% H2SO4 at 25 °C) but their sonolysis products (e.g., SOx, H2S, and elemental sulfur) 
are either highly soluble or are solids.21 In addition, concentrated aqueous H2SO4 
solutions are essentially transparent within the spectral window of interest (200 to 900 
nm). This feature allows for direct comparison of the spectra to water SBSL spectra, 
which contain all spectral features in the range 200 to 800 nm. Water is also transparent 
in the bandwidth of interest. The above mentioned unique properties of aqueous sulfuric 
acid (H2SO4) solutions make it an ideal candidate for spectroscopic studies of SBSL. 
Indeed, SBSL in 85% H2SO4 demonstrates a dramatic increase in SBSL intensity (103 
higher than the brightest bubble in water, see Figure 5.4) and provides a variety of 
atomic, ionic, and molecular emission lines (Figure 5.5).22-26 Most importantly, intense 
emission with resolvable spectra allows for the spectroscopic determination of emission 
temperatures. The emission temperature from a single bubble in H2SO4 can be obtained 
by comparing to calculated emission temperatures (Figure 5.6).22 It is demonstrated that 
the SBSL temperatures strongly depend on the properties of the gas and vapor 
comprising the bubble and the applied acoustic pressures. 
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Figure 5.4. (A) SBSL spectra from 85% H2SO4 and pure water regassed with Xe and Ar 
(solid lines). The noble gas content, acoustic pressure and frequency are adjusted to get 
the brightest SBSL emission. Dashed lines show blackbody fits to obtained spectra. 
Figure adapted from reference 22. 
 
Figure 5.5. (A) SBSL spectrum from 85% H2SO4 with 50 torr Ar and acoustic pressure 
of 2.2 bar. Spectral features include emission from Ar, Ar+, O2+, and SO. (B) Enlarged 
region of the SBSL from 410 to 510 nm as shown in (A). Figure adapted from reference 
23. 
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Figure 5.6. Ar atom line emission from SBSL in 85% H2SO4 at applied acoustic pressure 
of 2.8 bar compared to a calculated Ar atom emission spectrum at 15200 K. Figure 
adapted from reference 22. 
 
The success of SBSL in H2SO4 suggests that the study of similar liquids like 
phosphoric acid (H3PO4) may also be fruitful. In this chaper, the study of SBSL from 
phosphoric acid (H3PO4) and measurement of emission temperatures from strong OH 
emission lines will be discussed. H3PO4 is a strongly hydrogen-bonded liquid with a 
relatively high viscosity and low vapor pressure (2.4 torr for 85% H3PO4 vs. 23 torr for 
H2O at 300 K). An interesting property of aqueous H3PO4 is that only water molecules 
exist in the vapor phase; due to strong hydrogen bonding the acid molecules themselves 
have no significant presence in the vapor phase even at high temperatures.27 In addition, 
pyrolysis of H3PO4 only leads to dehydration forming polyphosphoric acids, so the 
exclusive volatile decomposition product of H3PO4 is H2O. It is desirable to observe 
spectral features arising from molecular OH emission in SBSL spectra that could be used 
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to assign effective temperature as well as some insight into the light emitting process. A 
significant component of this chapter is from the following paper: Xu, H. X.; Suslick, K. 
S. Molecular Emission and Temperature Measurements from Single-Bubble 
Sonoluminescence. Phys. Rev. Lett. 2010, 104, 244301. 
 
5.2 Experimental Methods 
 Solutions were prepared by diluting 85% H3PO4 as purchased with purified water 
(18 MΩ·cm) to 65% and completely degassed via 3 cycles of freeze -pump-thaw. 
Solutions were then regassed in a closed system with 50 torr of monatomic gases (He, 
Ne, Ar, Kr, and Xe from Matheson Tri-Gas, research purity) with vigorous stirring at 25 
oC for 1 h. All spectra have been corrected for absorption by the solution and the quartz 
round bottom flask as well as the optical response of the system against NIST traceable 
standard lamps. For simulation of emission temperatures, the underlying continuum has 
been subtracted to and normalized at the highest intensity. The simulation spectra are 
generated from LIFBASE (v 2.0.60).28 All pictures are taken with a Nikon D90 digital 
camera with a Nikon 60mm f/2.8G ED AF-S Micro-Nikkor Lens. 
 
5.3 Results and Discussion 
H3PO4 has a much lower vapor pressure than water; therefore, the collapse of a 
single bubble is much more efficient in H3PO4: less energy is consumed by endothermic 
bond dissociations of vapor molecules inside the collapsing bubble.29 The 
sonoluminescing bubble observed from SBSL in H3PO4 is exceptionally bright (Figure 
5.7). More importantly, we are able to easily observe SBSL spectra from 65% H3PO4 
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dominated by strong molecular emission from excited OH radicals. This observation is 
unusual because only very weak emission from excited OH radicals has been reported 
from MBSL in water and from SBSL in weakly driven, dimly  
Figure 5.7. Photograph of a rapidly moving sonoluminescing bubble trapped at the 
velocity node of a spherical quartz resonator. The driving piezoceramics are mounted at 
the both sides of the quartz cell and the microphone is attached to the bottom of the cell. 
This apparatus is rigidly clamped at the narrow neck of the quartz cell buffered with a 
thin layer of epoxy resin. 
 
sonoluminescing bubbles in water or dilute H2SO4.20, 30, 31 The exceptionally high 
intensity of the emission in H3PO4 permits us to obtain the fine structure of OH A2Σ+–
X2Π rovibronic transitions,32 and the experimental spectra obtained can be fit well with 
synthetic spectra to determine the effective emission temperatures during single-bubble 
cavitation. 
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The single cavitating bubble in H3PO4 is moving within a small volume at the 
center of the quartz resonator. This phenomenon is similar to the single bubbles generated 
in polar aprotic organic liquids and H2SO4.19, 22, 25 As shown in Figure 5.8, the bubble is 
moving around in a confined space (~20 mm3) with no predictable route. The 
translational movement of the bubble varies with the applied acoustic pressures: as the 
acoustic pressure is increased, the bubble motion becomes more rapid primarily near the 
center of the resonator cell while maintaining its bright sonoluminescence. If the applied 
acoustic pressure is too high, the bubble cannot maintain the position at the velocity node 
and is forced to move away from the center of the resonator. 
 
Figure 5.8. Photographs of a moving sonoluminescing bubble in 65% H3PO4
 
 regassed 
with 50 torr Ar at an acoustic pressure of 3.1 bar as measured from hydrophone. The 
exposure time is shown in each photograph. 
The observed bright light emitted from the rapidly moving bubble allows us to 
acquire the spectra in minutes compared to the observed OH emission from dim bubbles 
which required days! Figure 5.9A shows SBSL spectra obtained from 65% H3PO4 under 
different acoustic pressures (Pa). The spectra contain strong molecular emission from 
excited OH radicals at 310 nm and an underlying continuum, the radiant power of which 
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increases from the near-IR to mid-UV. This observation indicated that chemical 
processes must be considered in the discussion of the light-emitting mechanism during 
single-bubble cavitation in order to explain the formation of excited OH radicals. Excited 
OH radicals are formed either from the recombination of H and O atoms created during 
water vapor sonolysis or from the initial dissociation of H2O molecules. As the acoustic 
driving pressure is increased, the intensity of OH emission decreases relative to the 
continuum emission, perhaps due to increasing dissociation of the OH radicals under 
more extreme bubble conditions (i.e., higher bubble temperatures). 
There are many unknowns during single-bubble cavitation; the quantification of 
intracavity conditions during single-bubble cavitation is both theoretically and 
experimentally important. While the effective temperatures of multibubble cavitation 
have been previously determined (e.g., by comparative rate thermometry or MBSL from 
excited molecules or metal atoms),33-38 temperature measurements from SBSL has proved 
much more difficult, given that SBSL spectra are usually featureless continua. Previous 
experimental studies of SBSL temperature generally assume that the continuum is due to 
blackbody emission,6, 8, 10 an assumption that remains controversial.9, 11, 13 Although there 
have been a few reported observations of molecular emission during single-bubble 
cavitation, these spectra were too weak for quantitative analysis.19, 20 The OH emission 
that we now observe in 65% H3PO4, however, is extremely bright and permits us to 
obtain the fine structure of the OH A2Σ+-X2Π rovibronic transition. We are thus able to 
determine SBSL temperatures from molecular emission by fitting the experimental 
spectra to calculated spectra under different temperatures generated from known 
parameters. LIFBASE, a database and spectral simulation program for diatomic 
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molecules, which has been extensively applied to temperature determinations of excited 
molecular emission from flames and laser induced fluorescence, was used to generate 
synthetic spectra.28
In the OH spectrum taken at an acoustic pressure of 2.4 bar (Figure 5.9B), for 
example, the OH emission spectrum can be very accurately simulated by a fully 
thermalized (T
  
rot=Tvib) emission at 8300 ± 200 K. OH emission temperatures generated 
during SBSL from 65% H3PO4 were observed to increase with increasing acoustic 
pressure: 6,200 K at 1.9 bar, 7,000 K at 2.1 bar, 8,300 K at 2.4 bar, 9,000 K at 2.7 bar, 
and 9,500 K at 3.1 bar. As the applied acoustic pressure increases, the bubble undergoes a 
more violent collapse, which generates more extreme bubble conditions like increased 
effective emission temperature inside the collapsing bubble. These experimentally 
determined temperatures from 65% H3PO4 are consistent with theoretically predicted 
SBSL temperatures in water using a model that accounts for the endothermic 
decomposition of the water vapor trapped during bubble expansion.39-41
We have also fit the slope of the continuum to an effective blackbody 
temperature,
 At higher 
acoustic pressures (>3.1 bar), accurate acquisition of SBSL spectra becomes difficult 
because the bubble motion becomes more extreme and is no longer confined to a small 
space and the bubble is forced away from the center of the resonator.  
8, 10 which, surprisingly, is ~11,000 K for each acoustic pressure (Figure 
5.10). The meaning and accuracy of such a parameter, however, is open to question. First 
of all, it is still under debate whether the continuum is true blackbody emission,9, 11, 13 and 
second, the fit of the continuum region is limited to only a 200 nm range (i.e., between 
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400 and 600 nm, due to strong OH emission in the near UV and noble gas atom emission 
in the red) and is therefore of limited accuracy. 
 
Figure 5.9. (A) SBSL spectra from 65% H3PO4 regassed with 50 torr Ar at different 
acoustic pressures (Pa). All spectra were collected from the same rapidly moving bubble 
driven at different Pa, as labeled above the corresponding spectra. The peak around 310 
nm is from OH (A2Σ+–X2Π) emission. Spectra were acquired with a 300 grooves/mm 
grating blazed at 250 nm. (B) Higher resolution SBSL spectra of OH (A2Σ+–X2Π) 
emission from the same bubble driven at different acoustic pressures compared to best-fit 
synthetic spectra. The underlying continuum has been subtracted; spectra are normalized 
to the highest intensity at ~309 nm. Spectra were acquired with a 1200 grooves/mm 
grating blazed at 330 nm. 
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Figure 5.10. SBSL spectra from 65% H3PO4 at different acoustic pressures (Pa
 
) with 
simulated blackbody fit (dashed lines). Temperatures of blackbody fits are shown next to 
their corresponding plot. 
It is generally accepted that the bubble content is a key parameter in controlling 
the intracavity conditions generated during bubble implosion,29 so we have examined the 
SBSL spectra from 65% H3PO4 regassed with different noble gases. SBSL spectra from 
65% H3PO4 regassed with 50 torr of different noble gases at an acoustic pressure of 2.4 
bar are shown in Figure 5.11. The intensity of the SBSL depends dramatically on bubble 
content (i.e., the dissolved noble gas in the bubble) (Figure 5.11A) and increases roughly 
a hundred-fold from He to Ne to Ar to Kr to Xe. In all cases, an emission peak around 
310 nm corresponding to molecular emission of neutral OH radicals is observed and 
broadens substantially as we progress from He to Xe. These results are consistent with 
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prior MBSL experiments: the intensity and temperature of sonoluminescence increases 
from He to Xe.42  
It is generally accepted that the initial stage of bubble collapse is slow and 
isothermal, during which the energy deposited in the bubble interior is readily transferred 
to the surrounding liquid via thermal conduction. As the speed of bubble collapse 
increases the interior of bubble undergoes compressional heating and becomes 
increasingly adiabatic due to the rapidity of the bubble collapse. The extent of 
adiabaticity will depend on the thermal conductivity of the gas/vapor mixture within the 
bubble. If the thermal conductivity of the gas within the bubble is high, increased thermal 
transport from the heated gas to the cold surrounding liquid will lead to much colder 
bubble temperatures.42 As a matter of fact, theoretical calculations using combined 
hydrodynamic and chemical kinetic modeling indicate that the higher thermal 
conductivity of the lighter noble gases leads to cooler SBSL temperatures.43-45 By varying 
the composition of Ar and Ne mixtures, Flannigan and Suslick were able to determine the 
effect of thermal conductivity during single-bubble cavitation based on the Ar emission 
temperature;22 this method, however, neglects the possibility that different noble gas 
molecules in the bubble might segregate spatially during bubble collapse.46, 47 Because 
we are able to observe strong OH emission from SBSL in phosphoric acid, we were able 
to experimentally determine the effect of noble gases directly on sonoluminescence 
temperatures during single-bubble cavitation. As shown in Figure 5.11B, the emission 
temperature of SBSL increases as the thermal conductivity of the gas within the bubble 
decreases. The observed emission temperatures range from 6000 K for He up to 9600 K 
for Kr, consistent with the published simulations. The effective emission temperatures 
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from collapsing bubbles increase with decreased thermal conductivity of different noble 
gases. The emission temperatures with thermal conductivity of different noble gases are 
summarized in Table 5.1. 
 
Figure 5.11. (A) SBSL spectra from 65% H3PO4 with 50 torr of different noble gases at 
an applied acoustic pressure of 2.4 bar. (B) Higher resolution SBSL spectra of OH 
(A2Σ+–X2Π) emission from the same bubble driven at Pa
 
=2.4 bar compared to best-fit 
synthetic spectra. The calculated temperatures were obtained by fitting experimental 
SBSL spectra with synthetic spectra using the LIFBASE program. The simulation for 
SBSL spectra from Xe gas filled bubbles cannot proceed because the OH emission peak 
is severely broadened under extreme intra-cavity conditions. 
Table 5.1. List of effective emission temperatures observed from SBSL in 65% H3PO4 
with different noble gases and thermal conductivity of different noble gases at 300 K.48 
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SBSL in liquids other than water (including both low-volatility organic liquids 
and concentrated sulfuric acid) has led to valuable insights on the conditions created in 
the gas phase of the collapsing bubble. Comparing these studies in phosphoric acid with 
our recent work in sulfuric acid, we find that the emission temperature in 85% H2SO4 
(simulated based on excited atomic Ar emission) is much hotter and can approach 20,000 
K.22 Note all the temperatures measured here are effective temperatures rather than peak 
temperatures. In addition, a hot, optically opaque plasma core was also experimentally 
observed from SBSL in H2SO4. In contrast, we do not observe atomic emission from 
noble gases in the SBSL from 65% H3PO4.22, 23 We suggest that this difference is due (at 
least in part) to the relatively high vapor pressure of water in 65% H3PO4 compared to 
that of 85% H2SO4 (8.7 torr vs. 40 mtorr; a bubble in H3PO4 contains 200-fold more 
water molecules than that in H2SO4!): more of energy of cavitation is consumed by 
endothermic bond dissociations of the water molecules (leading to the formation of 
hydrogen and oxygen atoms, and OH, etc.). Thus, the water vapor trapped inside a 
cavitating bubble is a major temperature-limiting factor and the content of polyatomic 
molecules inside the collapsing bubble determines the intra-cavity conditions that a 
bubble can achieve.41, 49, 50 Therefore, collapsing bubbles are considerably cooler in 65% 
H3PO4 than in 85% H2SO4
Since both MBSL and SBSL exhibit strong molecular emission, we can also 
compare MBSL to SBSL spectra from phosphoric acid: in both systems, strong molecular 
emission is observed from OH with comparable effective emission temperatures, but PO 
emission can only be observed in MBSL.51 In both the SBSL and MBSL of phosphoric 
acid, excited OH radicals are produced during collapse from the water vapor inside the 
.  
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bubble. This different phenomenon is caused by the difference in the shape of collapsing 
bubbles during SBSL and MBSL. The collapse of single bubbles is expected to be highly 
symmetric, whereas bubble collapse in a cloud of cavitating bubbles gives rise to more 
asymmetric collapse; this greater asymmetry in MBSL explains the observation of PO 
emission, which must arise from the liquid phase by the introduction of nanodroplets into 
the hot core of the collapsing bubble and then followed by evaporation of solvent and 
decomposition of molecules inside the bubbles.51, 52 
 
5.4 Conclusions 
 In conclusion, strong molecular emission was discovered from SBSL in 
phosphoric acid. The observation of intense OH emission from a bright, rapidly moving 
bubble enables us to acquire fine structures of the OH A2Σ+-X2Π rovibronic transition. 
The rovibronic emission of excited-state OH radicals can be used as a direct 
spectroscopic probe of the emission temperature inside the collapsing bubble by fitting 
the OH emission spectra to calculated spectra. The effective emission temperatures 
measured from phosphoric acid increase with increased applied acoustic pressure and 
also increase with decreasing thermal conductivity of the noble gases inside the bubble. 
The observed emission temperatures from SBSL in phosphoric acid are limited by the 
water vapor molecules trapped inside the collapsing bubble and are comparable to the 
emission temperatures measured from MBSL in phosphoric acid. 
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CHAPTER 6 
SONOCHEMICAL SYNTHESIS OF HIGHLY  
FLUORESCENT SILVER NANOCLUSTERS 
 
 
6. 1 Introduction 
  Noble metal nanoparticles have unique size- and shape-dependent optical, 
electrical, catalytic, magnetic, and chemical properties.1-5 They have been the subject of 
intense research in the past decade. Even smaller than nanoparticles, noble metal 
nanoclusters consist of several to ~100 metal atoms and possess sizes comparable to the 
Fermi wavelength of electrons (i.e., the de Broglie wavelength of the electrons at the 
Fermi level: ~0.5 nm for Ag and Au). Such nanoclusters have received increasing 
attention in recent years because their optical, electrical and chemical properties are 
significantly different than their larger cousins, i.e., noble metal nanoparticles.6-9 Metal 
nanoclusters exhibit molecule-like properties like discrete electronic transitions and 
strong fluorescence upon photoexcitation in the UV-visible range (Figure 6.1).10-14 Ag 
nanoclusters are especially fluorescent and have been shown to be excellent fluorophores 
for a wide range of applications including chemical sensing, bioimaging, and single-
molecule studies.15-23 Gas-phase and low-temperature matrix-isolated Ag nanoclusters 
were the first observed to exhibit fluorescence.24 Chemiluminescence induced by the 
formation of excited Ag2* and Ag3* clusters during Ag condensation with Ar has also 
been reported.25 Inorganic glasses and zeolites were also used to immobilize Ag 
nanoclusters which show excellent photostability under UV irradiation.26-30 Ag 
nanoclusters synthesized in these conditions are, however, not amendable to real world 
applications. 
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Figure 6.1. Size-dependent properties of metals. Bulk metal and metal nanoparticles have 
a continuous band of energy levels, but metal nanoclusters with their limited number of 
metal atoms have discrete energy levels. Metal nanoclusters can interact with light via 
electronic transitions between different energy levels, leading to intense light emission 
and absorption. Figure adapted from reference 14. 
 
To explore potential applications of Ag nanoclusters, synthesis of individual Ag 
nanoclusters that are stable and soluble in aqueous solutions are essential. The synthesis 
of Ag nanoclusters in aqueous solutions, however, is difficult because Ag nanoclusters 
would strongly interact with each other and tend to aggregate: Ag nanoclusters will grow 
continuously, forming larger nanoparticles and reducing their surface energy, until their 
growth is stopped by pre-formed templates or capping agents. A number of organic 
scaffolds like DNA, polymers, dendrimers, polymer capsules, polymer microgels, and 
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multiarm star polymers have been used as protecting and stabilizing agents to prepare 
fluorescent Ag nanoclusters in aqueous solutions.31-40 Water-soluble highly fluorescent 
Ag nanoclusters have been prepared from the radiolytic, chemical, or photochemical 
reduction of silver salts in aqueous solutions containing the above mentioned capping 
agents.
Sonochemistry has been widely used in materials synthesis and a variety of 
materials have been prepared via sonochemical method.42, 43 The chemical effects of high 
intensity ultrasound derive primarily from acoustic cavitation: the formation, growth and 
implosive collapse of bubbles in a liquid irradiated with ultrasound.44, 45 Localized hot 
spots with temperatures of ~5000 K and pressures of hundreds of bars can be generated 
during ultrasonic irradiation of water.45 As a consequence, highly reactive species, 
including HO2•, H•, OH•, and perhaps eaq-, are formed during sonication of aqueous 
solution, similar to the effects of γ-ray or deep-UV irradiation of aqueous solutions.46-49 
While sonochemical method has been used to prepare many different noble metal 
nanoparticles in aqueous or alcohol solutions,50-55 to the best of our knowledge, there is 
no prior report of the synthesis of ultra-small metal nanoclusters using a sonochemical 
method. This chaper will describe a sonochemical synthesis of water-soluble fluorescent 
Ag nanoclusters using a common polyelectrolyte, polymethylacrylic acid (PMAA), as the 
capping agent to stabilize and protect the Ag nanoclusters in the solution. A significant 
component of this chaper is from the following paper: Xu, H. X.; Suslick, K. S. 
Sonochemical Synthesis of Highly Fluorescent Ag Nanoclusters. ACS Nano 2010, 4, 
3209-3214.  
7, 41 
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6.2 Experimental Methods 
6.2.1 Synthesis of Ag Nanoclusters 
 The polymers used in this work and AgNO3 were purchased from Sigma-Aldrich 
and used as received. Water-soluble fluorescent Ag nanoclusters were prepared as 
follows: 30 ml PMAA-Ag+ solutions with different RCO2¯/Ag+ ratios were prepared 
using 5 ml AgNO3 solution containing 45 mg AgNO3 mixed with 25 ml PMAA solutions 
of different concentrations. The solution was adjusted to pH 4.5 with either 0.1 M 
HNO3(aq) or NaOH(aq). The mixture was then transferred to a sealed vessel and sparged 
with Ar for 2 h at 20 oC. Sonication time was varied from 10 to 180 min under Ar flow 
with an ultrasonic horn (Sonics & Materials, model VCX-750, 1 cm2 Ti horn at 20 kHz 
and 25 Wcm-2). 
 
6.2.2 Characterization of Ag Nanoclusters 
UV-Vis absorption and fluorescence spectra were obtained using a HITACHI 
3300 double monochromator UV-Vis spectrophotometer and a Jobin Yvon Horiba 
FluoroMax-3 spectrofluorometer, respectively. Fresh solutions (with an absorption at 510 
nm of 0.1) were transferred into quartz cuvettes and their spectra recorded. The quantum 
yield of fluorescent Ag nanoclusters was determined by measuring the integrated 
fluorescence intensities of the Ag nanoclusters compared to a reference solution (i.e., the 
quantum yield of Rhodamine B in ethanol at 510 nm is 0.756) using 510 nm excitation.57 
TEM images were taken with a JEOL 2100 Microscope with an accelerating voltage of 
200 kV. Dark-field TEM images were acquired with a JOEL 2010 field emission 
Scanning Transmission Electron Microscope (STEM). Samples were prepared by placing 
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a drop of solution onto copper grids with ultrathin carbon film and dried at room 
temperature. 
 
6.3 Results and Discussion 
Similar to other approaches, sonochemical reduction of Ag+ still requires the use 
of a template or capping-agent to prevent the aggregation of Ag nanoclusters in the 
solution to form large Ag nanoparticles. PMAA has been shown to be a versatile template 
for preparing Ag nanoclusters under UV irradiation.38, 58 The carboxylic acid groups have 
a strong affinity for silver ions and silver surfaces which can provide stability for Ag 
nanoclusters. Once the Ag nanoclusters are capped by the carboxylic acid group, the 
growth of nanoclusters to large nanoparticles in the solution can be stopped. In addition, 
PMAA also serves as OH• radical scavengers during the ultrasonic irradiation to prevent 
oxidation of small silver clusters by OH• to form silver oxide.59, 60 Meanwhile, the 
secondary radicals (R•) formed from reaction of PMAA with OH• exhibit strong reducing 
power and can produce Ag atoms associated with the polymer chains. Strong 
fluorescence appears from the aqueous AgNO3
The preparation of fluorescent Ag nanoclusters starts with a freshly prepared 
solution of AgNO
 solution with dissolved PMAA under 
ultrasonic irradiation. 
3 mixed with an aqueous PMAA (Mw = 9500, sodium salt) solution. 
The molar ratio of carboxylate groups (from the methacrylic acid units) to Ag+ was set to 
be 1:1. The pH value of the resulting solution was adjusted to 4.5 by HNO3(aq.) or 
NaOH(aq.) to form a compacted coil conformation of PMAA in the solution, which has 
been claimed to favor the formation of Ag nanoclusters.58 The solution was sparged with 
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Ar for 2 h and then subjected to sonication for various time intervals. A schematic 
illustration of fluorescent Ag nanoclusters synthesis process is given in Figure 6.2.  
 
Figure 6.2. Schematic illustration of sonochemical synthesis of fluorescent Ag 
nanoclusters. 
 
Upon sonication, the initially colorless solution gradually turns pink (90 min) and 
then dark red (180 min) (Figure 6.3A). As expected, the resulting Ag nanoclusters are 
highly fluorescent (Figure 6.3B). From the transmission electron microscopy (TEM) 
images, we can see that the sonochemically prepared Ag nanoclusters are less than 2 nm 
in diameter (Figure 6.4). These ultra-small Ag nanoclusters are more clearly visible with 
a high angle annular dark field (HAADF) STEM image (Figure 6.5). 
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Figure 6.3. (A) UV-vis spectra and (B) fluorescence emission spectra of the solution 
containing PMMA and AgNO3
 
 after increasing length of sonication time; the excitation 
spectrum shown in (B) corresponds to the 90 min sample with an emission wavelength of 
610 nm. Inset in (B) shows the solution of Ag nanoclusters illuminated by a UV lamp 
with 365 nm excitation. 
Figure 6.4. TEM images of as-prepared Ag nanoclusters from different length of 
sonication: (A) 60 min, (B) 90 min (inset shows a single magnified Ag nanocluster), and 
(C) 180 min. 
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Figure 6.5. A HAADF STEM image of Ag nanoclusters prepared from a sonication 
length of 60 min.  
 
It is interesting to observe the evolution of absorption and fluorescence of the 
sonochemically prepared Ag nanoclusters with changes in sonication time (Figure 6.3). 
No absorption peaks in the range 300 − 800 nm are observed before sonication. Af ter 10 
min sonication, a peak around 440 nm appears and further sonication results in the 
increase of the intensity of this peak. As sonication continues, a shoulder at 520 nm 
grows, the peak at 440 nm gradually disappears, the 520 nm peak gradually blue-shifts to 
490 nm, and, finally, a new absorption peak around 390 nm begins to emerge after 
sonicating for 180 min. This trend has also been reported in UV-irradiated formation of 
Ag nanoclusters in polymer microgels.  Absorbance in the region from 440 to 520 nm has 
been observed previously and ascribed to the formation of Ag nanoclusters clusters, with 
shorter wavelength corresponding to smaller nanoclusters. The peak at 390 nm is the 
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characteristic surface plasmon band of larger Ag nanoparticles formed from the 
aggregation of Ag nanoclusters in the solution.  
A distinctive feature of our Ag nanoclusters is their strong fluorescence, which is 
not observed for large Ag nanoparticles. An intense fluorescence emission band around 
610 nm is observed upon excitation at 510 nm (Figure 6.3B). The emission intensity 
increases when the sonication time reached 90 min and prolonged sonication (after 90 
min) led to the gradual decrease of the fluorescence intensity due to the formation of 
large non-fluorescent Ag nanoparticles. The formation of large non-fluorescent Ag 
nanoparticles has been confirmed in the absorption spectra plasmon band at 390 nm and 
by direct observation of large nanoparticles (Figure 6.4C). The corresponding 
fluorescence excitation spectrum at 90 min was recorded, which exhibited a peak at 510 
nm and a weak shoulder around 400 − 440 nm (Figure 6.3B ). The observation of two 
peaks in the excitation spectrum indicates that Ag nanoclusters of different sizes 
contribute to the emission at 610 nm. The quantum yield of sonochemically prepared Ag 
nanoclusters is substantial, ~11%, calculated by use of Rhodamine B in ethanol as a 
reference. Furthermore, such prepared Ag nanoclusters are stable in air; essentially no 
change in fluorescence intensity was observed even after 1 month storage in the dark. 
Interestingly, the sonochemically prepared Ag nanoclusters can be excited by a 
wide range of excitation wavelength. Strong fluorescence can be observed upon 
excitation between 450 nm and 570 nm with the maximum emission observed at the 
excitation wavelength of 510 nm (Figure 6.6). The emission maximum was found to shift 
to longer wavelengths with increasing excitation wavelengths, which confirms that 
sonochemical synthesized Ag nanoclusters contain different sized Ag nanoclusters with 
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different numbers of Ag atoms.36, 58 Note that essentially all Ag nanoclusters prepared to 
date by any synthetic method show a similar phenomenon, i.e., the emission maximum 
shifts as the excitation wavelength varies. There is a strong relationship between the size 
of Ag nanoclusters and their emission properties.7
 
 The ability to control nanocluster 
distribution to a single nanocluster size has not yet been achieved and remains a 
challenge. 
Figure 6.6. Fluorescence emission spectra of Ag nanoclusters sonochemically 
synthesized from a sonication time of 90 min excited by different wavelengths. 
 
Interestingly, the stoichiometry of the carboxylate groups (RCO2¯) to Ag+ also 
plays an important role in the preparation of water-soluble fluorescent Ag nanoclusters. 
Figure 6.7 shows the absorption and emission spectra of sonochemically prepared Ag 
nanoclusters with different RCO2¯/Ag+ ratios with same sonication time and Ag+ 
concentration. It is obvious that excess carboxylate groups (RCO2¯/Ag+
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leads to the formation of smaller Ag nanoclusters with an absorption peak around 440 
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nm, while fewer carboxylate groups (RCO2¯/Ag+ = 1/4 or 1/8) yields larger Ag 
nanoclusters with an absorption peak around 520 nm. Both kinds of Ag nanoclusters are 
formed when the RCO2¯/Ag+ ratio is in the middle region (RCO2¯/Ag+ = 1/1 or 1/2). For 
solutions sonicated for 60 min, the color is yellow with excess carboxylate groups and 
pink with a lower RCO2¯/Ag+ ratio. In contrast to a prior photochemical preparation,38 
when the RCO2¯/Ag+ ratios are changed, we cannot observe obvious shift in the emission 
maximum; likewise, in Figure 6.3B, the emission peak does not shift as a function of 
nanocluster size distribution. The change in absorbance wavelength, but not in 
fluorescence emission lead us to conclude that there is one dominant fluorescing 
nanocluster, regardless of the change in the overall nanocluster distribution, which does 
affect the absorbance spectra. The fluorescence intensity increases as the ratio of 
RCO2¯/Ag+ decreases with a maximum at RCO2¯/Ag+
The structure and configuration of the polymer in the solution also affect the 
formation of Ag nanoclusters. PMAA with different molecular weights (M
 = 1/2. If the carboxylate groups 
are further decreased, a decrease in total fluorescence intensity can be observed. This is 
possibly caused by the agglomeration of Ag nanoclusters due to the insufficient 
carboxylate groups present in the solution to stabilize freshly synthesized nanoclusters. 
w = 4500, 
15000 and 100000) can be used to prepare fluorescent Ag nanoclusters. The fluorescence 
intensity, however, decreases as the molecular weight increases even for the same length 
of sonication (Figure 6.8). It is likely that this is because of slower diffusion of reactive 
species produced by sonolysis into the interior of the longer chain length polymers. With 
shorter polymer chains, Ag+ can be easily reduced and more fluorescent Ag nanoclusters 
can be produced with the same duration of sonication time. Other commercially available 
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polymers were also tested in our sonochemical synthesis of Ag nanoclusters. PAA and 
poly(acrylic acid-co-maleic acid) also led to the formation of water-soluble fluorescent 
Ag nanoclusters because they also contain carboxylic acid groups. To our surprise, 
polymers containing other functional groups that also have a high coordination affinity 
for Ag+
 
 (e.g., polyvinylpyrrolidone, polyvinyl alcohol, polyethylenimine, and poly-N-
isopropylacrylamide) did not lead to the formation of fluorescent Ag nanoclusters (Figure 
6.9); with those polymers, only large, non-fluorescent Ag nanoparticles (Figure 6.10) 
with a characteristic surface plasmon absorption band around 400 nm were obtained. 
Figure 6.7. (A) Absorbance spectra and (B) fluorescence emission spectra of 
sonochemically prepared Ag nanoclusters (60 min) from samples with different ratios of 
polymethylacrylic acid carboxylate groups to Ag+, as labelled in the figures. The 
excitation spectra are identical to that of Figure 6.2B. 
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Figure 6.8. Fluorescence emission spectra of sonochemically prepared fluorescent Ag 
nanoclusters with different molecular weights of PMMA (RCO2¯/Ag+ = 1/1, 60 min 
sonication). 
 
Figure 6.9. Photograph of solutions contain AgNO3 and different polymers after 60 min 
sonication under the excitation of a UV lamp (365 nm). Polymers as shown in the picture 
are: PVP: poly(vinylpyrrolidone), PVA: poly(vinyl alcohol), PMAA: poly(methacrylic 
acid), PAA: poly(acrylic acid), PEI: poly(ethylenimine). 
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Figure 6.10. UV-vis spectrum of the solution containing PEI and AgNO3
    
 after a 
sonication time of 60 min.  
6.4 Conclusions 
 In conclusion, a convenient sonochemical method has been developed for the 
synthesis of water-soluble fluorescent Ag nanoclusters using a simple, inexpensive and 
commercially-available polyelectrolyte, PMAA, as a stabilizing agent. Such prepared Ag 
nanoclusters are very stable under ambient conditions. The chemical and physical 
properties of Ag nanoclusters can be easily controlled by varying the synthetic 
conditions. It can be surmised that the stability and excellent fluorescent properties of 
these sonochemically prepared Ag nanoclusters are likely to find potential applications in 
bioimaging, chemical- and bio-sensing, single molecule studies, and, possibly, catalysis. 
In addition, other noble metal nanoclusters like Au and Pt could also be prepared via this 
sonochemical approach. 
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CHAPTER 7 
SONOCHEMICAL PREPARATION OF  
POLYMER FUNCTIONALIZED GRAPHENES 
 
 
7. 1 Introduction 
  Graphene is an atomically thick, two-dimensional (2D) sheet composed of sp2 
hybridized carbon atoms arranged in a honeycomb lattice. Its extended honeycomb 
carbon network is the basic building block of other important graphitic carbon allotropes 
with different dimensionality. It can be wrapped to form 0D fullerenes (buckyballs), 
rolled to form 1D carbon nanotubes, or stacked to form 3D graphites (Figure 7.1).1 A 
single-layer graphene was first experimentally obtained in 2004 by Geim et al. at 
Manchester University by mechanically peeling off graphene sheets from bulk graphite 
crystals.2 Since then, graphene has received enormous attention in the fields of 
microelectronics and composite materials;1, 3-7 when incorporated appropriately, 
graphenes can dramatically enhance the electrical, physical, mechanical, and barrier 
properties of polymer composites at extremely low loadings.8-16 For example, 
functionalized graphene sheets (FGS), single-walled carbon nanotubes (SWNTs), and 
expanded graphites (EG) were incorporated into poly(methyl methacrylate) (PMMA) thin 
films to compare the thermomechanical properties.9 FGS reinforced composites show the 
best performance (Figure 7.2). This is attributed to the nanoscale surface roughness of 
graphene sheets which induces an enhanced mechanical interlocking with the polymer 
chains. The properties of graphene/polymer composites also depend on how well the 
graphenes can be dispersed into the host polymers. Substantial efforts are now being 
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made to modify graphene surfaces to improve their processability and their performance 
as composites.17-29
 
  
Figure 7.1. Graphene is a 2D building material for carbon materials of all other 
dimensionalities. It can be wrapped into 0D fullerenes, rolled into 1D carbon nanotubes, 
or stacked into 3D graphites. Figure adapted from reference 1. 
 
Figure 7.2. (A) A comparison of thermomechanical property improvements for 1 wt % 
FGS-PMMA with  SWNT-PMMA and EG-PMMA composites. (B) SEM images of EG-
PMMA and (C) FGS-PMMA obtained under 3 kV accelerating voltage. Figure adapted 
from reference 9. 
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Currently, chemical modification or functionalization of graphene is based on 
graphenes from pre-prepared graphene oxide. Figure 7.3 shows the general chemical 
modification process to graft organic molecules onto the surfaces of graphene oxides.15 
The hydroxyl, carboxyl, epoxide, and similar functional groups on the surface of 
graphene oxides offer an opportunity to functionalize graphene oxides with other 
molecules. However, the production of graphenes from graphene oxide is a multi-step 
process involving strong oxidizing and reducing agents.30-33 In addition, such prepared 
graphenes often contain a large amount of defects even after reduction compared to 
graphenes obtained from other methods.5 An alternative approach to prepare graphenes is 
direct exfoliation of natural graphite flakes via sonication in organic solvents, 
surfactant/water solutions, or ionic liquids.34-39 Figure 7.4 shows some typical TEM 
images of graphene sheets obtained via exfoliation of graphite in surfactant solutions.35
 
 
Both the exfoliation of graphite in liquid phase approach and the chemical oxidation of 
graphite method rely on the physical effects of ultrasound to break the 3D graphite 
structure down to a 2D graphene structure.  
Figure 7.3. Schematic illustration of the formation of amino bonds between graphene 
oxides and amine terminated organic molecules. Figure adapted from reference 15. 
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Figure 7.4. TEM images of graphene sheets obtained by the sonication of graphites in a 
surfactant solution. (A) A monolayer graphene sheet. (B) A bilayer graphene sheet. (C) A 
trilayer graphene sheet. (D) A disordered multilayer graphene sheet. (E) A very large 
flake. Inset: A closeup of an edge of a very large flake showing a small multilayer 
graphene flake protruding. (F) A monolayer from a sample prepared by sediment 
recycling. Figure adapted from reference 35. 
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Ultrasound has found important applications in a diverse range of materials and 
chemical syntheses.40, 41 Both the physical and chemical effects of ultrasound arise from 
acoustic cavitation: the formation, growth and collapse of bubbles in liquids irradiated 
with high intensity ultrasound.40-42 Localized hot spots with ~5000 K and pressures of 
hundreds of bars are formed during bubble collapse within liquids irradiated with high 
intensity ultrasound; these hot spots generate highly reactive species including radicals 
from sonolysis of solvent vapor.43
If a reactive medium is chosen as the solvent, the combined mechanochemical 
effects of high intensity ultrasound can, in a single step, readily induce exfoliation of 
graphite to produce functionalized graphenes. To obtain high yields of exfoliated 
graphenes from graphite, the surface energy of the solvent should match the surface 
energy of graphite, and the optimal solvents therefore have surface tensions of ~40 to 50 
mJ m-2.34 In addition, the solvent must also be able to undergo sonochemical reactions 
during the sonication process to produce radical functionalization of the graphene sheet. 
Styrene meets these dual criteria, having an appropriate surface tension (~35 dynes/cm at 
0 °C) and reactive vinyl groups capable of polymerization.44 In this chapter, the 
application of chemical and physical effects of high intensity ultrasound to prepare 
polymer functionalized graphenes via the sonication of graphites in styrene will be 
described. A significant component of this chapter is from the following paper: Xu, H. 
X.; Suslick, K. S. Sonochemical Preparation of Polymer Functionalized Graphenes. J. 
Am. Chem. Soc. 2011, 133, doi: 10.1021/ja200883z. 
 The chemical effects of high intensity ultrasound 
which is usually accompanied the mechanical and physical effects of ultrasound, 
however, have been not been previously utilized in graphene synthesis. 
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7.2 Experimental Methods 
 The preparation starts with natural graphite flakes (10 mg, Aldrich) in freshly 
distilled styrene (15 ml, Aldrich), which is then sonicated with high intensity ultrasound 
using a Sonic & Materials model VCX-750, 1 cm2 Ti horn at 20 kHz and 50 W/cm2 at 0 
oC for 2 h under Ar flow. This setup is shown in Figure 7.5. The resulting mixture was 
then subjected to low speed centrifugation at 1000 rpm for 5 min. The black supernatant 
was then vacuum-filtered through a 0.22 μm PVDF membrane and washed with 
tetrahydrofuran (THF). The collected black solids were redispersed in THF and then 
filtered and washed with excess THF again. This dispersion-filtration-washing cycle was 
repeated at least three times to remove any residual styrene or polystyrene. The black 
solid is redispersed in THF and subjected to three more cycles of centrifugation (1000 
rpm, 3 min) again to remove large multi-layer graphenes. 
 
Figure 7.5. Experimental setup of the one-step mechanochemical process for exfoliation 
of graphites and sonochemical functionalization of graphenes. 
226 
 
 TEM images were taken with a JEOL 2100 transmission electron microscope 
with an accelerating voltage of 200 kV. SEM images were taken using a Hitachi S4800 
field-emission scanning electron microscope with an accelerating voltage of 10 kV unless 
otherwise specified. Atomic force microscopy (AFM) images were obtained using a 
tapping mode from an Asylum Research MFP-3D AFM. Thermal gravimetric analysis 
(TGA) was conducted on TA Instruments Q600-SDT Simultaneous DSC-TGA, with a 
heating rate of 10 oC/min under N2. FT-IR spectra were recorded on a Thermo-Nicolet 
Nexus 670 spectrometer. X-ray powder diffraction patterns were collected using Cu Kα 
radiation (λ = 1.5418 Å) with a Seimens -Bruker D5000 instrument operating at 40 kV 
and 30 mA. UV-vis spectra were recorded on Cary 50 UV-vis spectrophotometer. Raman 
spectra were obtained directly from a thin film of graphene sample deposited onto a Si 
wafer excited with a 532 nm laser. 1H NMR spectra were recorded on a Varian UI400 
MHz spectrometer. Gel permeation chromatography (GPC) experiments were performed 
on a system equipped with an isocratic pump (Model 1100, Agilent Technology, Santa 
Clara, CA), a DAWN HELEOS 18-angle laser light scattering detector (also known as 
multi-angle laser light scattering (MALLS) detector, Wyatt Technology, Santa Barbara, 
CA) and an Optilab rEX refractive index detector (Wyatt Technology, Santa Barbara, 
CA). XPS spectra were collected with a Kratos Axis ULTRA system. 
 
7.3 Results and Discussion 
 Polystyrene functionalized graphenes were prepared by irradiating natural 
graphite flakes in freshly distilled styrene (15 ml) with high intensity ultrasound (Figure 
7.5). Typical yields of the functionalized graphenes are ~10% based on the initial 
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graphite used in this small-scale sonochemical synthesis. These polymer functionalized 
graphenes are very stable, can be easily dispersed into different common organic solvents 
(~ 2 mg/ml in dimethylformamide, and similarly soluble in THF, toluene and 
chloroform), and are still soluble in the solvents even after 6 months (Figure 7.6 and 
Figure 7.7). 
 
Figure 7.6. Photograph of a graphene sample in THF after 6 months at room 
temperature, showing no precipitation. The Tyndall effect (i.e., light scattering) is 
observed here using a green laser pointer through the graphene solution. 
 
Figure 7.7. Photograph of graphene samples suspended in different organic solvents after 
one week: (A) THF, (B) chloroform, (C) toluene, (D) DMF and (E) more concentrated 
graphenes in DMF (~ 2 mg/mL). No precipitation is seen. 
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The black graphene colloid solution was investigated by transmission electron 
microscopy (TEM). TEM samples were prepared by placing a few drops of the solution 
onto copper grids with an ultrathin holey carbon film. Figure 7.8A and 7.8B show the 
TEM images of a single-layer and trilayer graphene respectively. The formation of 
single- and few-layer graphenes was further confirmed by selected area electron 
diffraction (SAED) (Figure 7.8 insets). The Figure 7.8A inset shows the SAED pattern of 
the graphene sample, and the {1100} spots appear to be more intense than the {2110} 
spots which is the fingerprint of single-layer graphenes.34, 45 For comparison, in the 
Figure 7.8B inset, the {2110} spots are more intense than the {1100} spots which is 
characteristic of multilayer graphenes.34, 45 The relative intensity of the {1100} and 
{2110} spots observed from the single-layer and few-layer graphenes is shown in Figure 
7.9. At the same time, folded and disordered graphenes were also observed under TEM 
(Figure 7.10). Furthermore, TEM analysis of the graphenes revealed that ~80% of the 
exfoliated graphenes are less than 5 layers, as determined by measuring the 
distinguishable edges of the exfoliated graphenes (Figure 7.11).
 
34, 35, 38 
Figure 7.8. TEM images of (A) single-layer graphene and (B) tri-layer graphene with 
SAED insets confirming single-layer and few-layer graphenes, respectively. Lacey 
carbon serves as the support. 
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Figure 7.9. (A) Selected area diffraction electron diffraction pattern and diffraction 
intensity of a single-layer graphene as shown in Figure 7.8A. (B) Selected area electron 
diffraction pattern and diffraction intensity of a few-layer graphene as shown in Figure 
7.8B. 
 
Figure 7.10. (A and B) Folded and wrinkled single-layer graphene and (C) disordered 
few-layer graphene observed under TEM. 
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Figure 7.11. Histogram of the observed number of polymer functionalized graphenes as a 
function of the number of layers per graphene sheet. 
 
Atomic force microscopy (AFM) has been frequently employed to measure the 
thickness of a single layer graphene sheet and was also used here to examine the 
thickness of these polystyrene-functionalized graphenes. Figure 7.12 shows a graphene 
sheet with thickness varies from 1.0 to 1.4 nm according to cross-sectional analysis, 
which is slightly higher than the reported apparent thickness of a single-layer graphene.5, 
46 This apparent height difference is probably caused by absorbed polystyrene chains on 
the surface of the graphene. In addition to the thickness difference, the presence of 
functionalized polymer chains is further supported by the roughened graphene surface. 
The absorbed polymer chains on the surface of graphene will result in surface roughness 
because the functionalization sites via radical coupling on the surface of graphene are 
randomly distributed on the surface.47 In contrast, unmodified graphenes always show a 
smooth and flat surface.20 Few-layer graphenes were also observed under AFM 
characterization (Figure 7.13). 
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Figure 7.12. (A) AFM image of a functionalized single-layer graphene on Si wafer. (B) 
Line scan profile along path indicated in (A). 
 
Figure 7.13. AFM image and corresponding height profile of few-layer graphene on Si 
wafer. 
 
The presence of polystyrene on the surface of graphene was confirmed by the 
surface characterization techniques. The FTIR spectrum of functionalized graphenes 
shown in Figure 7.14A shows characteristic absorbance of polystyrene even after 
exhaustive washing: peaks at 3024, 1602, 1492 cm-1 and combination bands in the range 
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of 2000 to 1700 cm-1 correspond to the phenyl group, the peaks at 2922 and 2850 cm-1 
correspond to the methylene and methenyl groups, and the peaks at 1028 cm-1 correspond 
to the C-Ph groups.48 The FTIR spectrum of graphite or non-functionalized graphenes 
does not contain any of those absorbance peaks. This suggests the presence of 
polystyrene in the functionalized graphenes. In addition, polystyrene standards, 
sonochemically synthesized polystyrene and polystyrene functionalized graphenes show 
similar 1H NMR spectra (Figure 7.15). This further supports the presence of polystyrene 
on graphenes. Thermal gravimetric analysis (TGA) was used to determine the content of 
polystyrene in the functionalized graphenes. By comparing the weight loss of 
functionalized graphenes to graphite, the content of polymer is measured to be about 18 
wt % (Figure 7.14B). The molecular weight of polystyrene on the surface of graphene is 
difficult to measure due to the covalent bonding between polystyrene and graphene. But 
we can estimate the number average molecular weight (upper limit) from polystyrenes 
polymerized by sonication of styrene alone at the same conditions which was determined 
to be 1.5×105
 
 with a polydispersity index of 2.1 (Figure 7.16). 
Figure 7. 14. (A) FTIR spectra in KBr pellet and (B) TGA of graphite (black line) and 
polymer functionalized graphene (red line) with a heating rate of 10 °C/min under N2
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Figure 7.15. 1
 
H NMR spectra of (A) polystyrene grafted graphene (B) sonochemically 
synthesized graphene and (C) polystyrene standard from Aldrich. 
Figure 7.16. Gel permeation chromatography (GPC) trace of sonochemically synthesized 
polystyrene. 
 
Of course, any surface modification of graphene must partially destroy the sp2 
hybridization of graphene. In order to probe its overall structural integrity, we have 
examined the Raman, XPS, and UV-vis spectroscopy of our functionalized graphene. 
Figure 7.17A show the Raman spectra of graphite and functionalized graphene. The D 
band is obvious in polymer functionalized graphene compared to graphite, which 
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indicates the formation of sp3 hybridized carbon on the graphene surface due to covalent 
bonding of polystyryl chains to graphene. The G band of polystyrene functionalized 
graphene shifts to a position slightly higher (~4 cm-1) than graphite, while the 2D band of 
polymer functionalized graphene shifts to a lower position (~8 cm-1) together with an 
intensity increase compared to graphite. This further supports that graphite is exfoliated 
to single- or few-layer graphenes.3 The intensity ratio of the ID/IG for the polymer 
functionalized graphene is ~0.78 which is much lower than that of graphene oxide and 
chemically reduced graphenes.20, 49-52 This indicates that the surface of polymer 
functionalized graphenes is not extensively destroyed. XPS spectra (Figure 7.17B and C) 
of graphite and polystyrene functionalized graphene show a single peak around 284.5 eV, 
which is associated with graphitic carbon. No additional signals from C-O or C=O groups 
are observed which demonstrates that the graphenes are not oxidized; recall that the 
sonication was carried out under Ar. The structural integrity of graphene is further 
supported by UV-vis spectroscopy (Figure 7.18). The UV-vis spectrum of polystyrene 
functionalized graphene in tetrahydrofuran shows a strong absorption peak around 275 
nm, which is comparable to reduced graphene oxide after the conjugated graphitic 
structure has been restored by chemical reduction.31, 52 This demonstrates that the 
structure of graphene in the polystyrene modified form has not been extensively modified 
compared to reduced graphene oxide. 
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Figure 7.17. (A) Raman spectra of graphite (black line) and polystyrene functionalized 
graphene (red line). (B) XPS spectra of graphite and (C) polystyrene functionalized 
graphene. 
 
Figure 7.18. UV-vis spectra of polystyrene functionalized graphene (red line) and 
sonochemically synthesized polystyrene in THF (black line). 
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The results of the mechanical/physical effects of ultrasound on graphite are 
clearly seen in the SEM images (Figure 7.19) of graphite flakes before and after 
sonication, which show that graphite flakes become smaller and thinner after ultrasonic 
irradiation. We can even observe a wrinkled graphene absorbed on the surface of Si 
wafer at low accelerating voltage. From XRD spectra (Figure 7.20), we can see a 
rhombohedral phase emerges after sonication of graphite flakes in styrene. This new 
phase is a thermodynamically unstable allotropic form of graphite that arises from the 
formation of ABCABC stacking of graphene layers instead of normal ABAB stacking 
sequence (hexagonal).53 The deformation and exfoliation of graphite are caused by the 
mechanical shockwaves and shear forces created by the collapse of cavitating bubbles 
that form during irradiation of ultrasound in liquid. As shown in Figures 7.19 and 7.20, 
the graphite after sonication indeed has become thinner and the lateral sizes of the pieces 
become smaller; as a consequence, the intensity of the (002) peak decreases and the 
FWHM of the (002) peak increases as a result of Scherrer broadening.
The chemical reactivity of the solvent is a key parameter in the sonochemical 
preparation of functionalized graphenes. We tested a variety of other solvents, including 
toluene, ethylbenzene, 1-dodecene, and 4-vinylpyridine to prepare functionalized 
graphenes.  Only the easily polymerizable reactants containing vinyl groups, styrene and 
4-vinylpyridine, lead to stable functionalized graphenes (Figures 7.21, 7.22, and 7.23). 
The characterization of poly(4-vinylpyridine) functionalized graphene is presented in 
Figures 7.24 and 7.25; FTIR demonstrates that the surface of graphenes are grafted by 
poly(4-vinylpyridine) and the TGA shows that the content of the polymer is ~20 wt %. 
54, 55 
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Figure 7.19. (A) and (B) SEM images of graphite flakes before sonication. (C) SEM 
image of graphite after sonication recovered as a precipitate after centrifugation. (D) 
SEM image of a single-layer graphene with a wrinkled morphology (accelerating voltage 
is 2 kV). 
 
Figure 7.20. XRD spectra of (A) pristine graphite flakes (as shown in the SEM of Figure 
19A and B) and (B) graphite after sonication recovered as a precipitate after 
centrifugation (as shown in the SEM of Figure 7.19C).  After sonication, the graphite 
indeed has become thinner and the lateral sizes of the pieces become smaller; as a 
consequence, the intensity of the (002) peak decreased from ~10300 to ~6300 counts and 
the FWHM of the (002) peak increased from 0.25° to 0.34°. 
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Figure 7.21. Control experiments with non-polymerizable solvents.  Photograph (taken 
after 1 day) of graphene samples after sonication in different organic solvents: (A) 
toluene, (B) ethylbenzene, (C) 1-dodecene, and (D) styrene. Stable suspensions are only 
formed by sonochemical functionalization with styrene. 
 
Figure 7.22. Effect of styrene concentration on functionalization of graphene.  
Photograph of graphene samples after sonication in: (A) 1 M styrene in 1-dodecane, and 
(B) styrene after ~24 hours.  Sonication in pure styrene is much more effective in 
producing a permanent suspension. 
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Figure 7.23. Photograph of poly(4-vinylpyridine) functionalized graphene sample 
suspended in DMF. Image was taken after one week. 
 
Figure 7.24. (A) A single-layer graphene, (B) a partially folded single-layer graphene 
and (C) a few-layer graphene observed under TEM from sonication of graphites in 4-
vinylpyridine. 
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Figure 7.25. (A) FTIR spectrum of poly(4-vinylpyridine) functionalized graphene in KBr 
pellet. (B) TGA of poly(4-vinylpyridine) functionalized graphene (under Nitrogen, 
heating rate at 10 °C/min). 
 
Our sonochemical approach is a mechanochemical combination of the mechanical 
exfoliation of graphite using ultrasound combined with the chemical functionalization of 
graphenes from sonochemical reactions of the solvent; both of these processes occur at 
the same time during the sonication. The surface tension of styrene is an excellent match 
to the surface energy requirements of graphenes; combined with the mechanical forces 
(from both shear and shockwave) created by the implosive collapse of cavitating bubbles, 
the breakage and exfoliation of graphite flakes into single- or few-layer graphenes occurs. 
Radicals formed during sonication of solvent can polymerize the solvent and then couple 
to the graphene surface to form the polymer functionalized graphenes that we obtain. 
Alternatively, the surface of graphite may first be functionalized by the radicals followed 
by exfoliation and further functionalized of the newly exposed graphene face. 
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7.4 Conclusions 
 In summary, a convenient single-step sonochemical approach for the preparation 
of polymer functionalized graphenes from bulk graphite has been demonstrated using a 
reactive solvent with appropriate surface tension. The styrene used here serves both as a 
good solvent for exfoliation of graphite and monomer for formation of reactive polymeric 
radicals which can react with sp2 hybridized carbon of graphene. The graphitic structure 
of polymer functionalized graphenes has not been extensively affected. Such 
functionalized graphenes have good stability and solubility in common organic solvents 
and have great potential for graphene-based composite materials. 
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CHAPTER 8 
ENGINEERING POROUS CARBON SPHERES FROM ENERGETIC CARBON 
PRECURSORS VIA ULTRASONIC SPRAY PYROLYSIS 
 
 
8. 1 Introduction 
Porous carbon materials have unique physicochemical properties and are now 
extensively used in gas storage and separation, water treatment, catalysis, and electrode 
materials for fuel cells, capacitors, and batteries.1-23 Most porous carbons are prepared by 
carbonization of raw natural materials such as wood, coal, nutshells, etc.1, 24-29 During the 
carbonization process, most of the oxygen and hydrogen are eliminated via the formation 
of volatile gaseous products, and the residual carbon atoms form porous structures based 
on the initial biomass microstructure. The pore structure of carbons prepared in this way 
can be enhanced by “activation” using either physical or chemical treatments. 
“Chemical” activation processes usually use chemicals which prevent tar formation and 
subsequent pore fracture during the carbonization process (e.g., KOH, Na2CO3, ZnCl2, 
and H3PO4). “Physical” activation processes usually use high temperatures (~ 700-1100 
°C) with a weakly oxidizing gas (e.g., H2O or CO2) to remove active carbon atoms to 
open and form pores. 
Ancient Egyptians and Hindus made porous carbon materials from wood and used 
them for filtering water and for medical purposes.1 New methods in making porous 
carbons via carbonization of other carbon precursors such as block copolymers, sugars, or 
resorcinol-formaldehyde resin aerogels have also been developed.30-35 One of the most 
recent approaches in synthesizing porous carbon materials is templating because it 
provides a route to fabricate uniform and predetermined size or structure of carbon 
248 
 
materials. A variety of templates such as porous silicas, metal-organic frameworks, and 
zeolites have been used for porous carbon synthesis (Figure 8.1).36-39 The templating  
 
Figure 8.1. (A) Schematic representation showing the concept of template synthesis. (B) 
Microporous, (C) mesoporous, (D) macroporous carbon materials, and (E) carbon 
nanotubes were synthesized using zeolite, mesoporous silica, a synthetic silica opal, and 
an anodic aluminum oxide (AAO) membrane as template, respectively. 
 
method was first used by Knox and coworkers to prepare porous carbons from a phenol-
hexamine mixture within the pores of a silica gel.40, 41 The self-assembled structures from 
block copolymers and surfactants have also been utilized in porous carbon syntheses.42-47 
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Figure 8.2 shows the SEM images of porous carbon films obtained using Pluronic 
surfactant F127 (PEO-PPO-PEO) as a template and resorcinol-formaldehyde as the 
carbon source.46 As the carbonization temperature increases from 400 °C to 800 °C, the 
surface area and the content of carbon in the porous films dramatically increase.  
Aerosol methods, a facile and continuous route to prepare functional materials, 
have also been developed to prepare porous carbon spheres.48 Ordered mesoporous 
carbons were prepared using amphiphilic triblock copolymers (e.g., P123) as a soft 
template and soluble slightly crosslinked phenol resols as the carbon source. The porous 
structure was formed by self-assembly of the template and precursor during the 
evaporation process within the aerosol droplets. An additional carbonization process, 
however, is required to remove the template and obtain a rigid porous carbon structure. 
Silica colloids were also employed in the aerosol synthesis of porous carbon materials, 
where the template was removed after carbonization by dissolving in HF.49, 50 
 
Figure 8.2. FE-SEM images of carbonized COU-1 using PEO-PPO-PEO (Pluronic 
surfactant, F127) as template. The carbonization temperatures were: (A) and (B) 400 °C, 
(C) and (D) 600 °C, and (E) and (F) 800 °C. Figure adapted from reference 46. 
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A continuous, one-step, and template-free approach to prepare porous carbon 
spheres with organic salts (e.g., alkali chloroacetates, alkali dichloroacetates, and 
substituted alkali benzoates) and sucrose with easily dissociated leaving groups (e.g., 
CO2, H2O, and HCl) as carbon precursors via ultrasonic spray pyrolysis (USP) have been 
developed in the Suslick group.51-56 The morphology and structure strongly depend on the 
types of alkali halocarboxylates used. The inorganic salts formed in situ during the 
decomposition process act as temporary templates for the evolution of pore structures. 
For example, the USP products of an aqueous solution of alkali metal chloroacetates are 
macroporous hollow carbon spheres, whereas the pyrolysis of a lithium dichloroacetate 
leads to the formation of mesoporous carbon spheres.51 Thermal analysis of the 
precursors revealed that the formation of pore structure is closely related to the relative 
order of melting and decomposition of precursors. Such prepared porous carbon spheres 
can be used as catalyst supports for direct methanol fuel cells and absorbents for 
environmental pollutants.53, 56 
In a typical USP synthesis, individual liquid droplets acting as microreactors pass 
through a hot furnace by carrier gas, and subsequent solvent evaporation, solute and/or 
precursor decomposition, and product densification occur. Figure 8.4 shows a typical 
USP apparatus and a simplified USP process.57 USP has been widely used in industry for 
fine powder production and thin film deposition because this process is simple and can be 
easily scaled up for mass production. In addition, the facile control over the chemical and 
physical composition in the USP method makes USP particularly useful in the 
preparation of composite or multicomponent materials.58  
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Figure 8.3. SEM images of USP porous carbon spheres prepared from various 
precursors: (A) lithium chloroacetate, (B) sodium chloroacetate, (C) potassium 
chloroacetate, (D) lithium dichloroacetate, (E) sodium dichloroacetate, and (F) potassium 
dichloroacetate. Figure adapted from reference 51. 
 
Figure 8.4. Schematic illustration of (A) typical USP apparatus and (B) a simplified USP 
process. Figure adapted from reference 57. 
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In this chapter, porous carbon spheres with relatively high surface area prepared 
from energetic carbon precursors, alkali propiolates (i.e., CH≡C -COOM, M=Li, Na, and 
K), via ultrasonic spray pyrolysis will be discussed. Because most porous carbon 
materials are amorphous and require high temperature carbonization, the control over 
structure and morphology of porous carbons is significantly limited and remains a 
challenge compared to nanostructured metal and metal oxides and silica-based materials 
whose structures and morphologies are easy to tailor via colloidal synthesis. The 
architectures of porous carbon spheres presented here, however, can be easily controlled 
by adjusting different compositions of alkali salts. Some unprecedented carbon structures, 
in addition to general hierarchical porous carbons like Janus, jellyfish, yolk-shell, and 
bowl-like porous carbon spheres, can be prepared by pyrolysis of mixtures of different 
alkali propiolates. 
 
8.2 Experimental Methods 
 The experimental setup used in this work is same as the USP apparatus shown in 
Figure 8.4A.57 The operating frequency of the water nebulizer is 1.65 MHz. The furnace 
was preheated to the desired temperature (700 °C, unless otherwise noted). Argon was 
used as the carrier gas at a flow rate of 1 L/min. The carrier gas was flowed through the 
system for at least 30 min to purge the system prior to the addition of the precursor 
solution. The black powders obtained by trapping in aqueous bubblers were then washed 
and centrifuged with deionized water at least 5 times to remove any salt formed during 
synthesis. The final products were dried overnight in a vacuum oven at 60 °C.  
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Propiolic acid (95%), lithium hydroxide monohydrate (99.995%), sodium 
hydroxide (99.99%), and potassium hydroxide (99.99%) were purchased from Sigma-
Aldrich and used as received. The precursor solutions were prepared by first dissolving 
the appropriate amount of acid in water and then adding a stoichiometric amount of an 
alkali hydroxide solution (e.g., LiOH, NaOH, and KOH). Suspensions were sonicated for 
5 min and then stirred for 1 hour to achieve homogeneous solutions. All solutions were 
prepared at room temperature.  
TEM images were taken with a JEOL 2100 transmission electron microscope 
with an accelerating voltage of 200 kV. SEM images were taken using a Hitachi S4800 
field-emission scanning electron microscope with an accelerating voltage of 10 kV. 
Samples for SEM images were prepared by placing a droplet of ethanol solutions of 
porous carbon spheres on a Si wafer and drying at room temperature. Focused ion beam 
(FIB) images were obtained on a FEI Dual Beam 235 FIB. Typical operating conditions 
were 15 kV and 50 pA. Thermal gravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) was conducted on a TA Instruments Q600-SDT Simultaneous DSC-
TGA, with a heating rate of 10 oC/min under Ar. FT-IR spectra were recorded on a 
Thermo-Nicolet Nexus 670 spectrometer. X-ray powder diffractograms were collected 
using Cu Kα radiation (λ=1.5418 Å) with a Seimens -Bruker D5000 instrument operating 
at 40 kV and 30 mA. Raman spectra were obtained directly from a thin film of graphene 
sample deposited onto a Si wafer excited with a 532 nm laser. Solid state 13C NMR 
spectra were recorded on a Varian Unity Inova 300 spectrometer. N2 isotherms and 
surface area measurements from 3-point BET method analyses were performed on a 
Quantachrome Instruments Nova 2200e Surface Area and Pore Analyzer. Carbon 
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samples were degassed under vacuum at 130 °C for 12 hours before analysis. Bulk 
elemental analysis for CHN and ICP-MS were was performed by the UIUC School of 
Chemical Sciences Microanalysis Laboratory using an Exeter Analytical, Inc. Model CE-
440 CHN analyzer and a Perkin-Elmer-Sciex Elan DRCe respectively. 
 
8.3 Results and Discussion 
 Metal propiolates, which are a class of energetic materials (i.e., the C≡C bond 
contains ~490 kJ/mol more energy than the C–C bond), contain facile leaving groups 
(e.g., CO, CO2, and C2H2) and produce inorganic salts during decarbonylation or 
decarboxylation process.59 The decomposition process can be qualitatively described as: 
CH≡CCOOM                    M2CO3 + CO + CO2 + C2H2 + C (M=Li, Na, and K) 
Propiolates can polymerize to poly(propiolate) salts when exposed to heat or X- or γ-ray 
irradiation.60 Voluminous and fragile residues are rapidly produced during thermal 
decomposition. When mixed with strong oxidants, they can become explosive. Another 
intriguing feature of metal propiolates is different metal propiolates exhibit different 
thermal decomposition behaviors. For example, Co(CH≡CCOO)2 and Ni(CH≡CCOO)2  
will explode upon heating.59 Coupling reactions between two salts occurs in all propiolate 
salts under a confined state. But the Rb+, Zn2+, and Co2+ salts also show coupling 
reactions in the unconfined state.59 These unique properties of alkali propiolates make 
them interesting carbon precursors for USP preparation of porous carbon spheres. 
Porous carbon spheres were produced using USP of 1 M solutions of 
CH≡CCOOLi, CH≡CCOONa, and CH≡CCOOK as carbon precursors. The structure of 
the porous carbon spheres produced in this way varies with the choice of the alkali salt 
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(Figure 8.5 and 8.6). Droplets containing CH≡CCOOLi yield porous carbon spheres with 
a thin carbon shell. When CH≡CCOONa is used as pre cursor, hollow carbon spheres 
with porous shells are produced.  Carbon spheres decomposed from CH≡CCOOK exhibit 
the similar structure to those decomposed from CH≡CCOOLi but with larger inner pores. 
SEM images of the porous carbons before washing demonstrate that the inorganic salt 
byproducts are washed off the surfaces and pores (Figure 8.7). The formation of 
inorganic salts was confirmed by XRD (Figure 8.8). These salts can be washed off 
leaving only porous carbon spheres.  
 
Figure 8.5. SEM and TEM images of porous carbon spheres prepared by USP of (A and 
D) 1 M CH≡COOLi, (B and E) 1 M CH≡CCOONa, and (C and F) 1 M CH≡CCOOK. 
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Figure 8.6. Low magnification SEM images of porous carbon spheres prepared by USP 
of (A) 1 M CH≡COOLi, (B) 1 M CH≡CCOONa, and (C) 1 M CH≡CCOOK. 
 
 
Figure 8.7. SEM images of porous carbon spheres prepared by USP of (A) 1 M 
CH≡CCOOLi, (B) 1 M CH≡CCOONa, and (C) 1 M CH≡CCOOK before washing. 
 
 
Figure 8.8. XRD patterns of porous carbons from (A) CH≡CCOOLi, (B) CH≡CCOONa, 
and (C) CH≡CCOOK c ollected at the end of furnace before washing (black). Peaks 
correspond to the anticipated alkali carbonates (red).  
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Porous carbon spheres prepared from different alkali salts exhibit similar type-IV 
isotherms (Figure 8.9). The surface area of porous carbon spheres from different alkali 
salts increases from 127 m2/g for carbons from CH≡CCOOLi to 591 m 2/g and 786 m2/g 
for carbons from CH≡CCOONa and CH≡CCOOK, respectively. The higher surface area 
attained in porous carbon spheres from K salts is due to the formation of micropores in 
the carbon shell as revealed by the N2-isotherm. Pore size distribution measurements 
reveal that the majority of the pores are <10 nm in diameter (Figure 8.10). TEM confirms 
that micropores are formed and contribute to the substantially high surface of the 
internally macroporous carbon spheres (Figure 8.11). 
 
Figure 8.9. N2 isotherms of porous carbon spheres prepared from CH≡C OOLi, 
CH≡CCOONa, and CH≡CCOOK via USP.  
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Figure 8.10. Pore size distribution of porous carbon spheres prepared from (A) 1 M 
CH≡CCOOLi, (B) 1 M CH≡CCOONa, and (C) 1 M CH≡CCOOK.  
 
 
Figure 8.11. High magnification TEM image of a carbon sphere prepared by USP of 1 M 
CH≡CCOOK. 
 
It is interesting that such varied morphologies can be obtained by the choice of 
different alkali propiolates. This phenomenon is caused by the different thermal 
decomposition behaviors of precursors, which were determined by simultaneous TGA 
and DSC (Figure 8.12). For CH≡CCOOK, no melting occurs before the decomposition at 
192 °C. The porous carbon network is produced through solid-state reactions. The 
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diffusion of precursor in the carbon network is limited and large pores are produced upon 
rapid thermal decomposition. The micropores are formed due to the releasing of gaseous 
products like CO2, CO, and C2H2 (~13 %) during decarboxylation and decarbonylation 
process at higher temperatures.59  
In contrast, for CH≡CCOONa, a melting peak is observed before decomposition 
starts at 210 °C. The molten salt as produced acts like a template for the formation of a 
carbon shell, which leads to hollow-structured carbon spheres.51 The large pores and 
micropores in the carbon shell are formed by the resulting molten Na2CO3 and the slow 
release of CO2, CO, and C2H2 (~22 %) at higher temperature, respectively.  
Melting also occurs before the decomposition of CH≡CCOOLi at 222 °C. The 
dramatic mass loss (~70 %) during the decomposition of CH≡CCOOLi indicates that this 
is a very quick thermal transport process. Thus, the decomposition of the molten salt 
occurs rapidly starting from the surface and immediately transports to the inner core. 
After thermal decomposition starts, porous carbon structure is produced and the droplet is 
no longer a liquid phase. Therefore, the melting salt cannot act as a template for the 
formation of hollow structures but instead leads to the formation of porous spheres with 
Li2CO3 (e.g., decomposed from CH≡CCOOLi) as a temporary template for pore 
formation. The much smaller amount of released gaseous products (~7 %) at higher 
temperature explains the lower surface area of porous carbon spheres produced by the 
decomposition of CH≡CCOOLi  compared to porous carbon spheres produced from Na 
and Li propiolates.  
As a control, bulk thermal decomposition of the precursors was also examined 
and compared to the USP products. Inflated and porous carbon foams are formed during 
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TGA (Figure 8.13). The spongelike carbon foam is very fragile. The microstructure of the 
carbon foam is similar to the observed porous carbon spheres with larger dimensions 
(Figure 8.14) but the USP method is necessary for the formation of spherical 
morphology. The isolated aerosol droplets generated by the ultrasonic nebulization act 
like microreactors inside the hot furnace and confine the decomposition process within 
the microspheres. 
 
Figure 8.12. TGA (black) and DSC (blue) curves for (A) CH≡CCOOLi, (B) 
CH≡CCOONa, and (C) CH≡CCOOK under Ar atmosphere with 10 °C/min heating rate. 
 
 
Figure 8.13. Photographs of voluminous and fragile carbon foams (A) CH≡CCOONa 
and (B) CH≡CCOOK formed during TGA compared to their original salts. 
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Figure 8.14. SEM images of thermally decomposed precursors: (A) CH≡CCOONa and 
(B) CH≡CCOOK. 
 
The size and structure of the porous carbon spheres are also influenced by 
precursor concentrations. The average size of carbon spheres decreases from ~1 μm to 
~200 nm when the CH≡CCOOK solution decreases from 1 M to 0.01 M (Figure 8.15). 
The size of loose carbon networks is ~100 nm when the precursor concentration is 0.001 
M. This is consistent with the Lang equation (Eq. 1).61 When the solution concentration 
and properties of the generated products are known, the diameter of the obtained carbon 
spheres can be approximately predicted (Eq. 2).  
Ddroplet=0.34(
8𝜋𝛾
𝜌𝑓2
)1⁄3                     (1) 
Dparticle=�
𝑀𝐷𝑑𝑟𝑜𝑝𝑙𝑒𝑡 3𝐶𝑠
1000𝜌
�1/3              (2) 
Ddroplet is average droplet diameter, Dparticle is average particle diameter, ρ is solution 
density, γ is surface tension, f is ultrasonic frequency, M is molecular weight, and Cs is 
solution concentration. The structure also changes when the precursor concentration 
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decreases. Hollow carbon spheres are produced when the CH≡CCOOK solution 
concentration changes from 1 M to 0.01 M, but only loose carbon networks, not carbon 
spheres, are obtained when the concentration is lowered to 0.001 M. The effect of 
temperature on the morphology was also studied (Figure 8.16). When the temperature 
was reduced to 500 °C, no solid materials were produced. The bubblers contained a 
brown liquid, indicating incomplete pyrolysis of the precursor. No dramatic morphology 
changes are observed when the temperature varies between ~ 600–800 °C. 
 
Figure 8.15. TEM images of porous carbon spheres prepared from different 
concentrations of CH≡CCOOK: (A) 1 M, (B) 0.01 M, and (C) 0.001 M. 
 
 
 
Figure 8.16. SEM images of porous carbon spheres prepared from USP of 1 M 
CH≡CCOOK solutions at different temperatures: (A) 500 °C, (B) 600 °C, (C) 700 °C, 
and (D) 800 °C. 
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Interestingly, dramatically different structures and morphologies emerge if mixed 
alkali salts are used as precursors. Figure 8.17 shows representative SEM and TEM 
images of porous carbon spheres produced from USP of mixed 
CH≡CCOOLi/CH≡CCOONa solutions. When 0.25 M CH≡CCOOLi and 0.75 M 
CH≡CCOONa are mixed and used as precursor, Janus carbon spheres with different pore 
sizes on each hemisphere are obtained (Figure 8.17A, 8.17C, and Figure 8.18A). 
Jellyfish-like carbon spheres can be produced if the concentration of CH≡ COOLi is 
increased (i.e., a mixed solution of 0.75 M CH≡CCOOLi and 0.25 M CH≡CCOONa) 
(Figure 8.17B, 8.17D, and Figure 8.18B). SEM images of carbon spheres before washing 
show that the pores were occupied by salts formed from the decomposition of organic 
ligand (Figure 8.19). N2-sorption measurements show display type-IV isotherms (Figure 
8.20). The surface area of carbon spheres decrease from 488 m2/g to 365 m2/g when the 
concentration of CH≡CCOOLi increases in the mixed solutions. The majority of the 
pores formed in these carbon spheres are <10 nm (Figure 8.21).  
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Figure 8.17. SEM and TEM images of porous carbon spheres prepared by USP of (A and 
C) 0.25 M CH≡CCOOLi and 0.75 M CH≡CCOONa, and (B and D) 0.75 M 
CH≡CCOOLi and 0.25 M CH≡CCOONa. 
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Figure 8.18. Low magnification SEM images of porous carbon spheres prepared by USP 
of (A) 0.25 M CH≡CCOOLi and 0.75 M CH≡CCOONa and (B) 0.75 M CH≡CCOOLi 
and 0.25 M CH≡CCOONa. 
 
Figure 8.19. SEM image of carbon spheres prepared by USP of (A) 0.25 M 
CH≡CCOOLi and 0.75 M CH≡CCOONa and (B) 0.75 M CH≡CCOOLi and 0.25 M 
CH≡CCOONa before washing. The SEM and TEM images of corresponding carbon 
spheres are shown in Figure 8.17. 
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Figure 8.20. N2 isotherm of porous carbon spheres prepared from mixtures of 
CH≡CCOOLi and CH≡CCOONa via USP. SEM and TEM images are shown in Figure 
8.16.  
 
Figure 8.21. Pore size distribution of porous carbon spheres prepared from (A) 0.25 M 
CH≡CCOOLi and 0.75 M CH≡CCOONa and (B) 0.75 M CH≡CCOOLi and 0.25 M 
CH≡CCOONa. SEM and TEM images are shown in Figure 8.17. 
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When a solution of 0.25 M CH≡CCOOLi and 0.75 M CH≡CCOOK is used as 
precursor, bowl-like carbon spheres with obvious crack on the edges are obtained (Figure 
8.22). Interestingly, for essentially every carbon bowl there is a smaller bowl trapped in 
the relatively larger outer bowl. We also observed very few carbon spheres with 
fractured, broken, or collapsed outer shells (Figure 8.23). This observation together with 
crack on the edge of the carbon spheres indicates that the double-bowl like carbon 
spheres are formed from the fracture of double-shell carbon spheres (Figure 8.23C). The 
formation of this carbon structure is schematically illustrated in Figure 8.24. Carbon 
spheres collected at the end of the furnace tube before washing exhibit intact spherical 
morphology (Figure 8.25), which further proves that the bowl-like morphology is from 
the fracture of intact spherical double-shell carbon spheres in bubblers or in the workup 
process. Interestingly, slow evaporation of a diluted ethanol solution containing bowl-like 
carbon spheres can induce the self-assembly of them to form a thin film with strict 
orientation on a silicon wafer (Figure 8.26). The surface are of double-bowl like carbon 
spheres is measured to be 550 m2/g.  The N2-sorption measurement of these porous 
carbon spheres displays a type-IV isotherm (Figure 8.27A). BJH pore size distribution 
indicates that the majority of the pores are <10 nm (Figure 8.27B). Varying the ratio of 
the CH≡CCOOLi and CH≡CCOOK leads to the formation of similar bow l-like 
morphologies. For example, crumpled bowl-like carbons are produced from USP of a 
precursor solution with equal concentration of CH≡CCOOLi and CH≡CCOOK (Figure 
8.28).  
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Figure 8.22. (A) SEM and (B) TEM images of porous carbon spheres prepared by USP 
of 0.25 M CH≡CCOOLi and 0.75 M CH≡CCOOK. (C) Low magnification SEM images 
of above porous carbon spheres. 
 
Figure 8.23. (A) SEM image of a broken carbon sphere. (B) SEM image of a carbon 
sphere with broken outer shell capped an inner sphere. (C) TEM image of a double-shell 
carbon sphere. (D) SEM and (E) TEM image of collapsed double-shell carbon sphere. 
The carbon precursor for above carbon spheres is 0.25 M CH≡ COOLi and 0.75 M 
CH≡CCOOK. 
 
Figure 8.24. Schematic illustration of the formation of double shelled carbon bowl 
structure. 
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Figure 8.25. SEM image of carbon spheres prepared by USP of 0.25 M CH≡CCOOLi 
and 0.75 M CH≡CCOOK before washing. 
 
Figure 8.26. (A) SEM image of self-assembled bowl-like carbon spheres on a silicon 
wafer via solvent evaporation process. (B) SEM image of bowl-like carbon spheres 
accumulated randomly without orientation. 
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Figure 8.27. (A) N2 isotherm and (B) pore size distribution of porous carbon spheres 
prepared from mixtures of CH≡CCOOLi and CH≡CCOOK. SEM and TEM images are 
shown in Figure 8.20.  
 
Figure 8.28. Crumpled carbon bowl-like carbon spheres observed from 0.5 M 
CH≡CCOOLi and 0.5 M CH≡CCOOK. 
 
Carbon spheres with yolk/shell or rattle-type structure are produced when a 
solution of 0.25 M CH≡CCOONa and 0.75 M CH≡CCOOK is used as a precursor 
(Figure 8.29). The preparation of yolk/shell structures typically requires the formation of 
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core/shell structure followed by the generation of void through the Kirkendall effect (i.e., 
the movement of boundary layer as a consequence of the difference in diffusion rates of 
different atoms) or Ostwald ripening processes (i.e., small crystals or sol particles 
dissolve, and redeposit onto larger crystals or sol particles over time).62-65 The templating 
approach was also developed to prepare yolk/shell structure with silica as the permeable 
shell which grows on the micelles containing smaller particles prepared from self-
assembly of surfactants.66, 67 Our preparation of yolk/shell structured carbon spheres, 
however, is a one-step process without the use of additional templates. The surface area 
of such prepared yolk/shell structure is highest among all the carbon spheres and is 
measured to be 850 m2/g. N2-sorption measurement of above porous carbon spheres 
exhibit type-IV isotherm and BJH pore size distribution indicates that the majority of the 
pores are <10 nm (Figure 8.30). 
 
 
Figure 8.29. (A) SEM, (B) TEM, and (C) FIB images of porous carbon spheres prepared 
by USP of 0.25 M CH≡CCOONa and 0.75 M CH≡CCOOK. (C) Low magnification 
SEM images of above porous carbon spheres. 
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Figure 8.30. (A) N2 isotherm and (B) pore size distribution of porous carbon spheres 
prepared from mixtures of CH≡CCOONa and CH≡CCOOK. SEM and TEM images are 
shown in Figure 8.29. 
  
When CH≡CCOOLi, CH≡CCOONa, and CH≡CCOOK are mixed at a ratio of 
1:1:1, hollow carbon spheres can be obtained (Figure 8.31). The N2-sorption 
measurement of these porous carbon spheres exhibits a type-IV isotherm (Figure 8.32A) 
and a surface area of 433 m2/g. BJH pore size distribution indicates the majority of the 
pores are between 3~10 nm (Figure 8.32B). 
 
Figure 8.31. (A) SEM and (B) TEM images of porous carbon spheres prepared by USP 
of 0.33 M CH≡CCOOLi, 0.33 M CH≡CCOONa, and 0.33 M CH≡CCOOK. (C) Low 
magnification SEM images of above porous carbon spheres. 
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. 
Figure 8.32. (A) N2 isotherm and (B) pore size distribution of porous carbon spheres 
prepared from mixtures of CH≡CCOOLi, CH≡CCOONa, and CH≡CCOOK. SEM and 
TEM images are shown in Figure 8.31. 
 
The mechanism for the formation of such dramatically different morphologies 
observed from pyrolysis of mixed alkali propiolates is difficult to explain due to the 
complex thermal decomposition behaviors of precursors, but it is certain that this 
phenomenon is caused by the interaction of melt formation by the salts and the complex 
decomposition pathways of mixed alkali propiolates. Here speculative explanations for 
the formation of unique carbon morphologies are presented. Mixed 
CH≡CCOOLi/CH≡CCOONa shows a single sharp decomposition peak at 202 °C (Figure 
8.33A) which is lower than that of the individual alkali propiolates. No melting is 
observed when the two salts are mixed, although melting occurs before the thermal 
decomposition of Li or Na propiolate alone. It is likely that eutectic-like salts are formed 
after the evaporation of water, and a phase separation occurs, which yields Janus carbon 
spheres. Mixed CH≡CCOOLi/CH≡CCOOK also shows a single sharp decomposition 
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peak at 172 °C (Figure 8.33B) which is much lower than the melting point of the 
corresponding individual salts (e.g., CH≡CCOOLi decomposes at 222 °C and 
CH≡CCOOK decomposes at 192 °C). There are two exothermic peaks observed on the 
DSC curve indicating two decomposition events occur: decomposition of the eutectic salt 
at a lower temperature and decomposition of CH≡CCOOK at the higher temperature. 
Because melting cannot be observed before decomposition starts, the decomposition 
process undergoes a solid state. The thermal decomposition of two different salts leads to 
the formation of a double-shell structure. CH≡CCOONa/CH≡CCOOK mixtures which 
produce yolk/shell structures also shows two decomposition peaks on the DSC curve 
(Figure 8.33C): decomposition of the eutectic salt at a lower temperature and 
decomposition of the K salt at a higher temperature which leads to the formation of a 
yolk/shell structure. No melting occurs before the decomposition of two salts together. 
When all of the three alkali salts are mixed, only one decomposition peak occurs 
after melting (Figure 8.33D). The melting temperature is lower than each individual 
alkali propiolate. The hollow structure is formed due to the templating effect of the 
molten eutectic salt. The pores observed in each carbon sphere are caused by the 
inorganic salts generated during precursor decomposition. The black solids collected 
before washing show comparatively nonporous solid whose pores are presumably 
clogged by salt; upon washing, the salts dissolves and the porous structure revealed.  
Similar to the decomposition of individual alkali propiolates, the thermal 
decomposition of mixed alkali propiolates generates alkali carbonates as confirmed by 
XRD (Figure 8.34). This method provides a convenient approach for the preparation of 
porous carbon spheres. Unlike many of the other techniques being developed elsewhere, 
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no tedious and expensive templating methods are required in this approach. Instead, the 
inorganic salts formed in situ during precursor decomposition act as temporary templates 
and can be easily washed out during workup.   
 
Figure 8.33. TGA (black) and DSC (blue) curves for (A) 0.25 M CH≡CCOOLi and 0.75 
M CH≡CCOONa, (B) 0.25 M CH≡CCOOLi and 0.75 M CH≡CCOOK, (C) 0.25 
CH≡CCOONa and 0.75 M CH≡CCOOK, and (D)  0.33 M CH≡CCOOLi, 0.33 M 
CH≡CCOONa, and 0.33 M CH≡CCOOK under Ar atmosphere with 10 °C/min heating 
rate. 
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Figure 8.34. XRD patterns of porous carbons from (A) 0.25 M CH≡CCOOLi and 0.75 M 
CH≡CCOONa, (B) 0.25 M CH≡CCOOLi and 0.75 M CH≡CCOOK, (C) 0.25 M 
CH≡CCOONa and 0.75 M CH≡CCOOK, and (D) 0.33 M CH≡CCOOLi, 0.33 M 
CH≡CCOONa, and 0.33 M CH≡CCOOK collected at the end of furnace before washing 
(black). Peaks correspond to the anticipated alkali carbonates. 
 
Porous carbon spheres produced in this approach are amorphous and contain 
functional groups. Powder XRD shows these porous carbon spheres to be amorphous 
both before and after annealing at 800 °C under Ar atmosphere (Figure 8.35). Bulk 
elemental analysis reveals that such prepared carbon spheres contain 75–87 wt % C, 1–2 
wt% H and 10–26 wt % O (by difference) before annealing. Solid state MAS 13C NMR 
spectra of porous carbon spheres show characteristic resonance peak at ~130 ppm 
10 6020 30 40 50 80 9070
2θ (degree)
In
te
ns
ity
 (a
.u
.)
4030 50 60 70 80 9010 20
2θ (degree)
In
te
ns
ity
 (a
.u
.)
20 4030 50 60 80 9010 70
2θ (degree)
In
te
ns
ity
 (a
.u
.)
10 20 30 50 60 80 9040 70
2θ (degree)
In
te
ns
ity
 (a
.u
.)
A B
C D
Na2CO3
Li2CO3
Li2CO3
K2CO3
Na2CO3
K2CO3 Na2CO3
K2CO3
Li2CO3
277 
 
corresponding to polyaromatic carbon in amorphous C:H materials (Figure 8.36). Two 
small resonance peaks around 60 ppm and 195 ppm are assigned to acetylenic groups and 
carboxylic or ketonic groups, respectively.  
This observation is consistent with the results from infrared spectroscopy study 
(Figure 8.37). The absorption at 3450 cm-1 corresponds to the υ(O-H) stretch from 
hydroxyl groups. The weak absorption at 3150 cm-1 is from aromatic C-H. There is an 
absorption at 1630 cm-1 from υ(C=C) and am absorption from 1380 cm-1 from anti-
symmetric carboxylic acid vibrations. Raman spectra of such porous carbon spheres 
contain two broad peaks at ~1360 cm-1 and ~1600 cm-1 which are consistent with defect 
(D) and graphitic bands (G) (Figure 8.38). The D band is the disordered peak 
characteristic of sp3 bonded amorphous carbon while the G band is characteristic of well-
ordered, crystalline sp2 bonded carbon. The ratio of D and G bands can be taken as a 
measurement of the relative crystallinity of a carbon material.68, 69 Raman analysis of the 
D:G ratio for porous carbon spheres synthesized by USP of different alkali propiolates 
indicates that the there is no dramatic difference between porous carbon spheres prepared 
from different alkali precursors.  
In addition, acetylenedicarboxylic acid, which is dicarboxylic acid form of the 
propiolic acid, can also be used as the carbon precursor for preparation of porous carbon 
spheres. The SEM and TEM images of porous carbon spheres produced from pyrolysis of 
alkali salts of acetylenedicarboxylic acid are shown in Figure 8.39. The morphologies of 
the porous carbon spheres prepared from above alkali salts are the same as the carbon 
spheres prepared from the corresponding alkali propiolates. 
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Figure 8.35. XRD spectra of porous carbon spheres prepared from USP of 1 M 
HC≡CCOOK before and after heat treatment at 800 °C under Ar for 12 hours. 
 
Figure 8.36. MAS 13C NMR spectrum of porous carbon spheres prepared from USP of 1 
M HC≡CCOOK. 
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Figure 8.37. FTIR spectra of porous carbon spheres obtained from USP of (1) 
HC≡CCOONa, (2) HC≡CCOOLi, (3) HC≡CCOOK, and (4) 0.25 M CH≡C-COOLi and 
0.75 M CH≡C-COONa. 
 
Figure 8.38. Raman spectra of porous carbon spheres obtained from USP of (1) 
HC≡CCOONa, (2) HC≡CCOOLi, (3) HC≡CCOOK, (4) 0.25 M CH≡C-COOLi and 0.75 
M CH≡C-COONa, (5) 0.25 M CH≡C -COONa and 0.75 M CH≡C -COOK, and (6) 0.25 
M CH≡C-COOLi and 0.75 M CH≡C-COOK. 
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Figure 8.39. SEM and TEM images of porous carbon spheres prepared by USP of (A and 
D) 1 M LiOOCC≡COOLi, (B and E) 1 M NaOOCC≡COONa, and (C and F) 1 M 
KOOCC≡COOK. 
 
8.4 Conclusions 
 A convenient synthetic approach to prepare porous carbon spheres with unique 
and unprecedented morphologies has been demonstrated using energetic carbon 
precursors via ultrasonic spray pyrolysis. The unique decomposition behaviors of alkali 
propiolates and their mixtures lead to dramatically different carbon structures and 
morphologies. Engineering the porous carbon spheres can be achieved through 
controlling the compositions of the alkali propiolates without using templates. The high 
surface areas and unique porous structures suggest that they could be used as adsorbents, 
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catalyst supports, or for other applications by integrating other functional materials into 
their pores. 
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